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Producción de YTX por cultivos de 
Protoceratium reticulatum: 
Variabilidad en el perfil de toxinas de diferentes cepas. 
 
 
Resumen 
 
Las yessotoxinas (YTXs) son, supuestamente, toxinas cardiotóxicas y 
citotóxicas que han sido catalogadas clásicamente como toxinas diarreicas, pues 
debido a sus propiedades de solubilidad común se co-extraen con las toxinas 
diarreicas (DSP) y originan falsos positivos en el bioensayo en ratón, pero en 
realidad no causan diarrea. Como consecuencia de dicha interferencia se producen 
numerosos cierres erróneos e innecesarios de zonas de marisqueo con una 
importante repercusión económica. 
Para poder detectar la presencia de YTXs en los extractos para DSP y entonces 
descartar los falsos positivos hay que recurrir a métodos químicos alternativos y/o 
complementarios al bioensayo en ratón. Estos métodos implican el uso de patrones 
de YTXs que son muy escasos en el mercado pero se pueden obtener en el 
laboratorio a partir de cultivos de dinoflagelados. 
 
Con el objetivo de obtener estos patrones, en esta tesis, se desarrollaron los 
métodos químicos necesarios para la detección, identificación y cuantificación de 
YTXs a partir de cultivos de dinoflagelados. Posteriormente, con los métodos 
puestos a punto, se estudiaron los organismos supuestamente productores de YTXs 
disponibles en la Colección de Cultivos del Centro Oceanográfico de Vigo para su 
utilización como fuente para purificar YTXs. Se confirmó la producción de YTX 
por cultivos de Protoceratium reticulatum procedentes de aguas costeras 
peninsulares y de América del Norte y se demostró la producción de bajas 
concentraciones de YTX por cultivos de Lingulodinium polyedrum aislados en 
España. 
Paralelamente, con el fin de optimizar las condiciones de producción de YTXs 
en cultivo, se seleccionó la primera cepa de P. reticulatum aislada en aguas 
españolas y se estudió el efecto conjunto de la irradiancia, temperatura, salinidad y 
agitación sobre su crecimiento y la consiguiente producción de YTXs. Aplicando 
una serie de análisis factoriales se determinó que el factor con más influencia en la 
producción de YTXs es la irradiancia. Además, se encontró que la YTX está 
presente tanto en células como en el medio de cultivo y en diferentes 
concentraciones dependiendo de las condiciones y la fase del cultivo. 
 
El escalado del cultivo de P. reticulatum a grandes volúmenes permitió la 
producción de YTX en cantidad suficiente para llevar a cabo con éxito su 
aislamiento, purificación y su ulterior uso como patrón secundario en esta tesis 
Resumen__________________________________________________________________ 
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tanto en los métodos químicos (LC-FLD y LC-MS) como biológicos 
(citotoxicidad). A su vez, los extractos de la citada cepa de P. reticulatum fueron 
utilizados en el proceso de purificación e identificación de nuevos derivados 
glicosilados de la YTX, las glicoyesotoxinas (G-YTX). 
 
Finalmente, el estudio de diferentes cepas de P. reticulatum aisladas en 
España, utilizando pequeños volúmenes de muestra, permitió determinar que el 
perfil de YTXs difiere entre ellas, encontrándose cepas que producen una gran 
variedad de análogos e incluso cepas que no producen YTXs. 
 
________________________________________________________Introducción General 
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1. INTRODUCCION GENERAL: TOXINAS MARINAS 
 
Las algas unicelulares microscópicas son productores primarios que, como parte 
del fitoplancton, constituyen la base de la cadena alimentaria en el medio acuático. 
En la mayoría de los casos su proliferación es beneficiosa para la acuicultura y la 
pesca, sin embargo en muchas ocasiones el crecimiento masivo de estas algas 
conocido como “marea roja” o “Harmful Algal Blooms (HABs)” puede tener un 
efecto negativo, produciendo severas pérdidas económicas en la acuicultura, en la 
pesca y en el turismo, con un impacto medioambiental y sobre la salud humana 
muy importante. Ya que, entre otros motivos, se han encontrado entre los 
metabolitos de estas algas potentes toxinas. 
Entre las algas unicelulares productoras de toxinas (dinoflagelados, diatomeas y 
cianobacterias), los dinoflagelados son los responsables de la producción de la 
mayor parte de las toxinas, sin embargo entre las miles de especies de 
dinoflagelados conocidas solo unas 70 son toxigénicas (Moestrup et al., 2004). 
A pesar de que las “mareas rojas” son un fenómeno natural, en los últimos 20 años 
se está produciendo un incremento en la incidencia de proliferaciones de algas 
nocivas, posiblemente debido, entre otros motivos, a cambios hidrometereológicos, 
al aumento de la eutrofización de zonas costeras y del número de puertos 
comerciales y al transporte de las especies en aguas de lastre. También hay la 
posibilidad de que a su vez el incremento de la incidencia sea un reflejo del mayor 
número de registros de los eventos por el aumento de los estudios. Así, especies 
antes confinadas en regiones concretas ahora amenazan toda la costa y se 
encuentran prácticamente dispersas por todo el planeta, en muchas ocasiones 
afectan a grandes zonas geográficas y se debe a la presencia de más de una especie 
de alga (Gollasch, 2006).  
Cuando se produce una proliferación de estas microalgas tóxicas se suelen 
desarrollar intoxicaciones en humanos, morbilidad y mortalidad de mamíferos 
marinos y pájaros, además de una extensa pérdida de peces (Anderson, 1989; 
Smayda, 1997). El mayor problema se produce cuando los moluscos bivalvos 
como almejas, mejillones, ostras o vieiras de las zonas de marisqueo se alimentan 
de estos dinoflagelados tóxicos y van acumulando las toxinas en los tejidos 
comestibles. Estas toxinas no afectan a la viabilidad del molusco, que tampoco 
presenta ni un aspecto ni un sabor diferente del no contaminado, además el 
cocinado u otros tratamientos factibles en el procesado de alimentos no suelen 
destruir las toxinas, por lo que es muy fácil que sean ingeridas por los 
consumidores sin percatarse de su presencia hasta que empiezan a manifestarse sus 
síntomas. Pueden aparecer en niveles que resultan asintomáticos, pasando por 
niveles que causan molestias o hasta niveles letales para humanos u otros 
consumidores (Ciminiello and Fattorusso, 2004; Munday, 2006). Aunque la 
principal vía de transmisión de estas toxinas a humanos son los moluscos, en 
algunos casos también puede llegar al hombre a través de aerosoles o contacto 
directo con la toxina en el mar. 
Introducción General________________________________________________________ 
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Así, los moluscos actúan como vectores de serias intoxicaciones, como la 
Intoxicación Paralizante por Moluscos (Paralytic Shellsfish Poisoning, PSP), la 
Intoxicación Amnésica por Moluscos (Amnesic Shellfish Poisoning, ASP), la 
Intoxicación Diarreogénica por Moluscos (Diarrhetic Shellfish Poisoning, DSP), la 
Intoxicación Neurotóxica por Moluscos (Neurotoxic Shellfish Poisoning, NSP), la 
Intoxicación Ciguatérica (Ciguatera Fish Poisoning, CFP) o la Intoxicación por 
Azapirácidos (Azaspiracid Poisoning, AZP). También se las suele denominar como 
la toxina causante del síndrome, más que como el síndrome que causan, es decir: 
toxinas paralizantes (PST), amnésicas (AST), diarreicas (DST) o neurotóxicas 
(NST) (Leira et al., 2002b; Arévalo et al., 2006). Debido a sus propiedades de 
solubilidad, muy importantes en los métodos de análisis, se pueden dividir en: 
toxinas hidrofílicas (paralizantes y amnésicas) y lipofílicas (diarreicas, 
neurotóxicas, ciguatoxinas y palitoxinas). 
 
1.1. Toxinas Paralizantes 
Son las causantes de la intoxicación paralizante por moluscos (PSP), que es la más 
extendida. Las toxinas responsables son una serie de guanidinas heterocíclicas 
llamadas en conjunto saxitoxinas (Ostlund and Ballenger, 1975; Negri et al., 
2003). Las saxitoxinas son producidas por los dinoflagelados marinos Alexandrium 
spp. (Doucette and Anderson, 1993), Gymnodinium catenatum (Anderson et al., 
1989) y Pyrodinium bahamense (Bates et al., 1978), por el alga verde-azulada 
Anabaena sp. (Onodera et al., 1996) y Aphanizomenon flos-aquae de agua dulce 
(Shimizu, 1996). Hay estudios que sugieren que las saxitoxinas pueden ser 
producidas de forma autónoma por bacterias aisladas de cultivos de dinoflagelados 
productores de PSP (Kodama et al., 1988; Gallacher et al., 1997) o que bacterias 
endosimbióticas o asociadas a las células podrían jugar un papel en la producción 
de PSP por los dinoflagelados (Doucette et al., 1998; Uribe and Espejo, 2003).  
La saxitoxina actúa bloqueando los canales de Na+ en la membrana celular (Powell 
and Doucette, 1999), muy importantes en la neurotransmisión tanto en la sinapsis 
neuronal como en las conexiones neuromusculares. La polaridad de la saxitoxina le 
impide atravesar la barrera hematoencefálica, por lo que, probablemente, el sitio de 
acción en mamíferos sean las conexiones neuromusculares. Este bloqueo produce 
síntomas en humanos como hormigueo, parálisis de labios, lengua y cara, que pasa 
progresivamente al cuello, brazos, yemas de dedos y piernas. En el caso más grave 
parálisis de la musculatura torácica y muerte por asfixia (Hernández-Orozco and 
Gárate-Lizárraga, 2006).  
 
1.2. Toxinas Amnésicas 
Son las responsables de la intoxicación amnésica por moluscos (ASP), que fue 
descubierta en 1987 en Canadá, como toxina responsable se encontró al ácido 
domoico (AD) (Quilliam and Wright, 1989). El AD es un aminoácido 
tricarboxílico y a sus congéneres se les conoce como ácidos isodomoicos. La 
fuente es una diatomea, la Pseudo-nitzschia multiseries (=Nitzschia pungens) 
(Subba Rao et al., 1988; Bates et al., 1989). 
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El AD actúa de análogo del glutámico como potente agonista del receptor 
glutamato (Hampson et al., 1992), la activación persistente del receptor glutamato 
hace que aumente el Ca+ en el interior de las neuronas, que induce lesiones en áreas 
del cerebro responsables del aprendizaje y de la memoria (Todd, 1990; Ravn et al., 
1995). Produce vómitos, calambres abdominales, diarrea y síntomas neurológicos 
como: dolor de cabeza severo, alucinaciones y pérdida de memoria a corto plazo, 
que puede acabar en desorientación y coma (Mos, 2001). 
 
1.3. Toxinas Diarreicas 
Son las toxinas causantes de la intoxicación diarreica asociada al consumo de 
moluscos (DSP). Aunque son las que producen las consecuencias menos 
dramáticas, ya que no se conocen víctimas, son de las más importantes por su 
amplia distribución mundial y su elevada morbilidad (Hallegraeff et al., 1995; 
Anderson, 1997). Se describieron por primera vez en Japón en 1976 por consumo 
de vieiras (Yasumoto et al., 1978), entre 1976 y 1982 se produjeron 1300 casos de 
intoxicaciones. En 1981 se detectaron más de 5000 casos en España y en 1983 
unos 3300 en Francia. Sistemáticamente la presencia de toxinas DSP da lugar a 
cierres prologados de las zonas productoras de moluscos, especialmente de 
mejillón, muy importantes en la Península Ibérica y sobre todo en las Rías Gallegas 
(Arévalo et al., 1995; Blanco et al., 1998; Gestal, 2003; Quilliam et al., 2004; Bean 
et al., 2005; Blanco et al., 2005; Doucette et al., 2006). Debido a ello las pérdidas 
económicas son equivalentes o mayores a las producidas por otros tipos de toxinas.  
Se trata de un grupo de poliéteres ácidos que se compone de varios congéneres que 
incluyen el ácido okadaico (AO) como compuesto principal y las dinofisistoxinas 
1 (DTX1) y 2 (DTX2) como congéneres primarios (Murata et al., 1982; Yasumoto 
et al., 1985). Los otros congéneres son precursores o metabolitos de las toxinas 
activas en alga como los diol-ésteres derivados del OA (Hu et al., 1992; Norte et 
al., 1994) y los derivados sulfatados de estos (Hu et al., 1995b; Cruz et al., 2006) 
identificados fundamentalmente en Prorocentrum spp., y los acil-ésteres como 
metabolitos del AO en los moluscos (Suzuki et al., 1999; Vale and Sampayo, 
1999). Los principales dinoflagelados asociados a este síndrome son del género 
Dinophysis (D. acuminata, D. fortii, D. acuta, D. norvegica, D. mitra y D. 
rotundata) (Yasumoto et al., 1980; Lee et al., 1989; Vale et al., 1998; Fernández et 
al., 2001) y del género Prorocentrum (P. lima, P .beliceanum y P. maculosum) 
(Zhou and Fritz, 1994; Quilliam et al., 1996; Morton et al., 1998). 
Tanto el OA como las DTXs actúan inhibiendo las protein-fosfastasas 
serina/treonina (específicamente PP2A y PP1)(Cohen, 1989). La fosforilación 
afecta a la secreción de Na+ y a la permeabilidad de fluidos de las células 
intestinales, de ahí su efecto diarreico, que además cursa con náuseas, vómitos y 
dolor abdominal (Cohen et al., 1990; Fernández et al., 2002). Esta actividad tras 
una exposición prolongada les confiere carácter de promotores tumorales crónicos 
y carcinógenos (Fujiki and Suganuma, 1999). Este hecho, unido a la elevada 
morbilidad y las importantes pérdidas económicas que desencadenan, hace de las 
DST unas de las toxinas de origen fitoplanctónico más importantes. 
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1.4. Toxinas Asociadas a las Toxinas Diarreicas 
Debido a que la toxicidad es el único factor común entre las distintas ficotoxinas, el 
bioensayo en ratón es el método más extendido para su detección en el campo de la 
legislación. En los protocolos de extracción de toxinas DSP para el bioensayo se 
pueden co-extraer otras toxinas lipofílicas ya que poseen propiedades de 
solubilidad comunes. Esta baja especificidad del bioensayo es una ventaja ya que 
con él se detectan todas las toxinas lipofílicas pero, por otro lado, constituye una 
desventaja dado que no se puede distinguir la toxina que está causando los 
síntomas y se pueden producir “falsos positivos”. Las toxinas que se encuentran 
frecuentemente asociadas con DSP son las yesotoxinas (YTXs), azaspirácidos 
(AZAs), pectenotoxinas (PTXs) y espirólidos. 
 
1.4.1. Yesotoxina (YTX) 
Debido a que es la toxina objeto de estudio se tratará en detalle posteriormente. 
 
1.4.2. Azaspirácidos (AZAs) 
Se descubrieron en 1995 en los Países Bajos por ingestión de moluscos 
contaminados procedentes de Irlanda, que causaron síntomas de DSP pero 
contenían bajas concentraciones de AO y DTX2 (McMahon and Silke, 1996). 
Como responsable se encontró a un nuevo grupo de toxinas, los azaspirácidos 
(Satake et al., 1998). Mas recientemente, se ha descubierto que el organismo 
productor es el dinoflagelado Protoperidinium crassipes (Yasumoto et al., 2002; 
James et al., 2003). La AZA es la principal toxina del grupo pero hay al menos 
otros once análogos (AZA1-AZA11) (Ofuji et al., 1999; Díaz et al., 2004; James et 
al., 2004). Deben su nombre a contienen un inusual anillo de unión azaspiro, 
además contienen una amina cíclica y un ácido carboxílico (Satake et al., 1998). 
Los síntomas en humanos son: nauseas, vómitos, diarrea severa y retortijones 
estomacales, que se parecen a los del DSP. Aunque causan diarrea en humanos 
nunca se incluyeron en el grupo DSP ya que los síntomas en ratón no son los 
asociados normalmente esas toxinas, mostrando síntomas neurológicos 
importantes, como problemas respiratorios, espasmos, parálisis de los miembros y, 
a dosis altas, muerte en menos de 20 minutos (Roman et al., 2002). 
 
1.4.3. Pectenotoxinas (PTXs) 
Estructuralmente las pectenotoxinas se parecen al AO en el peso molecular, en 
que tienen éteres cíclicos y un grupo carboxílico en la molécula en forma de una 
lactona macrocíclica (Daiguji et al., 1998a). El primer dinoflagelado identificado 
como productor fue Dinophysis fortii (Draisci et al., 1996) pero, más 
recientemente, también se encontraron en D. acuminata (MacKenzie et al., 2005), 
D. acuta  (Suzuki et al., 2003) y D. caudata (Fernández et al., 2006). Según 
estudios histopatológicos realizados en ratones, producen daños severos en la 
mucosa, acumulación de fluidos en el intestino delgado, son hepatotóxicas, poseen 
una potente citotoxicidad y probablemente inhiben la polimerización de la actina 
(Leira et al., 2002b); pero hay controversia sobre sus efectos diarreicos en humanos 
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(Terao et al., 1986). Debido a que las PTXs no se han asociado a intoxicación por 
alimentos en humanos se ha propuesto retirarlas del grupo de las DSP (Burgess and 
Shaw, 2001). Los estudios mas recientes confirman que ni PTX2 ni PTX2SA 
producen diarrea (Miles et al., 2004c). 
 
1.4.4. Espirólidos 
Los espirólidos son iminas macrocíclicas que fueron aisladas y caracterizadas por 
primera vez en un extracto lipófilico de mejillones y vieiras procedentes de 
acuicultura de Canadá (Hu et al., 1995a). Posteriormente se determinó que el 
origen biogénico es el dinoflagelado Alexandrium ostenfeldii (Cembella et al., 
1998). Recientemente se han detectado en Noruega (Aasen et al., 2003; Aasen et 
al., 2006), España (Villar-González et al., 2006) y Dinamarca (MacKinnon et al., 
2006). Los síntomas en ratón incluyen piloerección, espasmos musculares 
abdominales, hiperextensión del lomo y arqueo de la cola hasta el punto de tocar el 
hocico. Son toxinas de acción rápida, ya que producen muerte fulminante en ratón 
por inyección intraperitoneal y además tienen una potencia oral elevada con 
síntomas neurotóxicos aparentes, pero se desconoce su modo de acción. 
 
1.5. Neurotoxinas 
En un principio la intoxicación neurotoxica por moluscos (NSP) estuvo limitada a 
la costa este de Florida (Steidinger, 1993), pero posteriormente también se detectó 
en Nueva Zelanda (Ishida et al., 1995) y Japón (Khan et al., 1996). Estas toxinas 
son una serie de éteres policíclicos en forma de escalera llamadas en conjunto 
brevetoxinas (BTXs). En función de los anillos centrales se dividen en dos grupos 
principales brevetoxina A y brevetoxina B, aunque su toxicidad depende de los 
anillos de los extremos de la cadena. Las especies de dinoflagelados productores 
son Gymnodinium breve (=Karenia brevis), Chattonella marina, C. antiqua, 
Fibrocapsa japonica y Heterosigma akashiwo (Rein and Borrone, 1999). Son 
tóxicas para peces, mamíferos marinos, pájaros y humanos. La toxina se une a los 
canales de Na+ (sensibles al potencial eléctrico) y los activa a un potencial de 
reposo normal (Manger et al., 1995; Inoue et al., 2003). Los síntomas en humanos 
son dificultad respiratoria, irritación de ojos y membrana nasal, principalmente 
debidos a aerosoles y al contacto directo con la toxina al nadar (Baden, 1983).  
 
1.6. Ciguatoxinas 
La ciguatera, también denominada CFP (“Ciguatera Fish Poisoning”), está 
asociada al consumo de peces herbívoros y carnívoros de costas tropicales e inter-
tropicales (Caplan, 1998). Las toxinas implicadas son ciguatoxinas (CTXs) y 
maitotoxinas (MTXs) (Yasumoto et al., 1977; Yasumoto and Satake, 1996). Son 
poliéteres de estructura compleja y de elevado peso molecular. El principal 
organismo productor es el dinoflagelado bentónico Gambierdiscus tóxicus y otras 
especies del género Gambierdiscus spp. (Besada et al., 1982; Chinain et al., 1999). 
Estas toxinas son responsables de una intoxicación humana muy importante que 
produce numerosos síntomas neurológicos, cardiovasculares y desordenes 
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gastrointestinales (Alvarez et al., 1990; Stommel et al., 1991), pero los casos 
mortales no son frecuentes. Las CTXs activan los canales de Na+, abundantes en 
las células nerviosas y modifican las propiedades eléctricas de células excitables 
(Molgo et al., 1992). Las MTXs son potentes activadores de la entrada de calcio en 
una gran variedad de células, que a través de procesos degenerativos llevan a la 
muerte celular (Nagai et al., 1995; Okumura et al., 2005). Los síntomas se pueden 
resumir en: dificultad de movimiento, cefaleas, mareos, vómitos, diarreas, 
bradicardia, arritmias, disestesia, hiperestesia y, a concentraciones elevadas, puede 
llevar a parálisis respiratoria. Actualmente afecta a la población de las zonas 
tropicales e inter-tropicales, a los visitantes o a los consumidores de pescado 
exportado (Lehane and Lewis, 2000; Diogéne, 2003). Hay autores que asocian 
también a estos síntomas otras toxinas como las palitoxinas (Norris et al., 1985). 
 
1.7. Palitoxina 
Es una de las toxinas marinas neurotóxicas más potentes de carácter no proteico, 
con un peso molecular elevado que varía entre 2659 y 2680 dependiendo de la 
especie de procedencia. Existen numerosos análogos estructurales e isómeros 
debido a su tamaño y características conformacionales, pero hasta la fecha 
únicamente se ha elucidado a nivel estructural la Ostreocina-D (Usami et al., 
1995). Se obtiene a partir de corales del género Palythoa y dinoflagelados 
bentónicos del género Ostreopsis spp. (Taniyama et al., 2003).  La palitoxina se 
introduce en la cadena alimentaria fundamentalmente a través del consumo de 
cangrejos y, en algún caso, de peces e invertebrados marinos. Recientemente la 
toxina se ha asociado a intoxicaciones respiratorias ocurridas en regiones 
mediterráneas sin embargo, hasta la fecha, la información es bastante especulativa. 
Inicialmente el interés por esta toxina vino dado por su asociación con la ciguatera, 
pero en la actualidad ya se han registrado suficientes casos de intoxicaciones por 
palitoxina, en ocasiones con un desenlace fatal (Onuma et al., 1999; Taniyama et 
al., 2002). La distribución cosmopolita de Ostreopsis desde la primera cita en el 
Golfo de Siam (Schmidt, 1901) y las posteriores en Florida, Puerto Rico, China, 
Caribe, Malasia, tasmania, Nueva Zelanda, Japón, Océano Indico (Lenoir et al., 
2004), Brasil (Riobó et al., 2004), Mediterráneo (Penna et al., 2005) y Macaronesia 
(Fraga et al., 2005) han incrementado el interés por el estudio de esta toxina. 
Actúa a nivel de la bomba Na+/K+ transformándola en un canal permanentemente 
abierto a través del cual los iones fluyen a favor de su gradiente de concentración 
(Artigas and Gadsby, 2003; Artigas and Gadsby, 2006). El envenenamiento se 
caracteriza por nauseas, sabor metálico o amargo intenso, hipersalivación, 
calambres abdominales, diarrea severa, parestesia de las extremidades, calambres 
musculares y dificultad respiratoria (Yasumoto et al., 1986); en casos graves la 
muerte sucede entre 30 minutos y 2 o 4 días tras la intoxicación y, en los casos mas 
leves, los pacientes sobreviven tras un tratamiento con intubación endotraqueal 
(Onuma et al., 1999). 
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2. INTRODUCCIÓN YESOTOXINAS (YTXs) 
 
2.1. Origen de las YTXs 
La yesotoxina (YTX) se aisló por primera vez en Mutsu Bay, Japón, en 1986 
(Murata et al., 1987) de las glándulas digestivas de la vieira Patinopecten 
yessoensis, de la que ha adquirido su nombre. Posteriormente se encontró en el 
mejillón Mytilus edulis (blue mussel) en Noruega (Lee et al., 1988), en el mejillón 
Mytilus galloprovincialis del Mar Adriático en Italia (Ciminiello et al., 1997), en 
los mejillones Perna canaliculus (Greenshell mussel) de Nueva Zelanda y Mytilus 
chilensis de Chile (Yasumoto and Takizawa, 1997), así como en Mytilus 
galloprovincialis de las Rías Gallegas detectada durante esta tesis doctoral 
(Arévalo et al., 2006) (Figura 1). 
 
 
Figura 1. Detección de YTX en moluscos de Japón (Murata et al., 1987), Noruega (Lee et 
al., 1988), Nueva Zelanda (Yasumoto & Takizawa, 1997), Italia (Satake et al., 1997), Chile 
(Yasumoto & Takizawa, 1997) y España (Arévalo et al., 2006) (●). Identificación de YTX 
en Protoceratium reticulatum de: Japón (Eiki et al., 2005), Italia (Ciminiello et al., 2003b), 
Escocia, Canadá (Stobo et al., 2003), Noruega (Samdal et al., 2004b) y España (Paz et al., 
2004; Paz et al., 2007) (). 
 
 
2.2. Especies Productoras y Vectores de YTXs 
El dinoflagelado Protoceratium reticulatum (Claparède et Lachmann) Bütschli 
1885, fue el primer organismo identificado como productor de YTX, y se hizo 11 
años más tarde del descubrimiento de la YTX, en un cultivo unialgal de P. 
reticulatum de Nueva Zelanda (Satake et al., 1997a). Posteriormente, la YTX se 
encontró en células de P. reticulatum de diferentes cepas aisladas en Yamada Bay 
(Satake et al., 1999) y Mutsu Bay (Eiki et al., 2005) en Japón, en el Mar Adriático 
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en Italia (Ciminiello et al., 2003b), en Escocia, en Canadá (Stobo et al., 2003) y en 
Noruega (Samdal et al., 2004b) (Figura 1) y finalmente, como se muestra en esta 
tesis doctoral, en varias cepas de P. reticulatum aisladas en España (Paz et al, 2004, 
Paz et al, 2007). 
 
El dinoflagelado Lingulodinium polyedrum (Stein) Dodge 1989 también se ha 
apuntado como organismo productor de YTX, ya que se encontraron homoYTX y 
45-hidroxihomoYTX en Mytilus galloprovincialis del Mar Adriático durante un 
bloom en el que L. polyedrum representaba el 99 % de los dinoflagelados (Satake 
et al., 1997b), así como YTX en arrastre de red de varios blooms naturales en los 
que L. polyedrum era el dinoflagelado mayoritario (Tubaro et al., 1998; Draisci et 
al., 1999b), entre los cabe mencionar el sucedido en las Rias Gallegas en 2003, y 
que se describe en el anexo IV de la presente tesis (Arévalo et al., 2006). Por otro 
lado, también se ha encontrado YTX en baja concentración en quistes de una cepa 
de L. polyedrum de 16 cultivadas en Reino Unido (Stobo et al., 2003). 
Aunque L. polyedrum parece estar bastante relacionado con la producción de 
YTXs, esto no se pudo probar en cultivos unialgales de L. polyedrum (Boni et al., 
2000), hasta que la YTX se encontró, aunque en pequeñas cantidades, en el cultivo 
de dos cepas de L. polyedrum procedentes de Galicia y de Andalucía cuyos 
resultados se muestran en el trabajo I de la presente tesis doctoral (Paz et al., 2004). 
 
Además de P. reticulatum y L. polyedrum parece que hay otros posibles 
productores de YTX: 
 
(i) Se ha comentado que la cooliatoxina producida por Coolia monotis (Holmes 
et al., 1995) es un análogo de la YTX, ya que tiene el mismo peso molecular que la 
1-desulfoYTX (1061) (Daiguji et al., 1998b), pero no hay información sobre su 
estructura química que pueda confirmar que se trata de una YTX. 
(ii) Gonyaulax spinifera (Hansen et al., 1996/97): como resultado del análisis por 
ELISA de ocho cepas de este dinoflagelado procedentes de Nueva Zelanda 
(Rhodes et al., 2006), se encontraron concentraciones muy elevadas de YTX en dos 
de ellas pero, por LC-MS sólo generaron una pequeña señal de YTX y en una única 
cepa (Stobo et al., 2003). Según Hansen et al. (1996/97) la morfología de P. 
reticulatum es muy parecida a la de G. spinifera, por lo que genéticamente podría 
ser un productor de YTX 
(iii) Algunos autores apuntan también como responsables de la producción de 
YTX a bacterias asociadas a los dinoflagelados pero, hasta el momento no ha sido 
demostrado. 
(iv) En ocasiones, se ha detectado YTX en los moluscos sin asociarse con la 
presencia del organismo productor, esto posiblemente se deba a que después de 
desaparecer el agente causante la toxina permanece durante un tiempo disuelta en 
el medio o a que la cinética de desintoxicación del molusco es muy lenta. 
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Al igual que sucede con otras toxinas, los principales vectores de la YTX son 
vieiras y mejillones, que al alimentarse por filtración pueden acumular grandes 
cantidades de YTXs. Se ha visto que incluso bajas concentraciones celulares (1·103 
células/L) son suficientes para provocar la acumulación de cantidades importantes 
de toxina en los moluscos (Boni et al., 2000). Se acumulan principalmente en las 
glándulas digestivas y en el hepatopáncreas, aunque también pueden aparecer en el 
músculo. Se han detectado en las vieiras Patinopecten yessoensis (Murata et al., 
1987) y Pecten maximus (Hess et al., 2003), y en los mejillones Mytilus edulis (Lee 
et al., 1988), Mytilus galloprovincialis, Mytilus chilensis y Perna canaliculus 
(Yasumoto and Takizawa, 1997). 
 
 
2.3. Características de los Organismos Productores de YTXs 
 
2.3.1. Protoceratium reticulatum (Claparède et Lachmann) Bütschli 1885 
(=Gonyaulax grindleyi Reinecke 1967): 
Se considera que G. grindleyi es el mismo organismo que P. reticulatum pero, no 
hay un acuerdo en cuanto a su taxonomía. Además, según estudios recientes y, 
como se comenta en trabajo IV de la presente tesis (Paz et al., 2007), podría haber 
varias especies de P. reticulatum pero, esto está pendiente de un estudio 
taxonómico. Se conoce muy poco de la biología de esta especie, es un 
dinoflagelado planctónico tecado y fotosintético, que pertenece a la familia 
Gonyaulacaceae. Su tamaño oscila entre 28-43 µm de largo por 25-35 µm de ancho 
(Hansen et al., 1996/97), tiene forma de poliedro (Figura 2a) con una teca robusta 
formada por varias placas, que presenta una reticulación prominente formando 
polígonos en el centro de cada cual hay un poro (Figura 2d). Es bioluminiscente 
(Poupin et al., 1999) y forma quistes esféricos con espinas. Teniendo en cuenta las 
diferentes localizaciones en las que se ha encontrado se deduce que P. reticulatum 
se puede adaptar a un amplio rango de condiciones de temperatura, salinidad, luz, 
pH y nutrientes.  
 
2.3.2. Lingulodinium polyedrum (Stein) Dodge 1989 (=Gonyaulax polyedra Stein 
1883): 
Es un dinoflagelado tecado de forma poliédrica (Figura 2b) que pertenece a la 
familia Gonyaulacaceae. Su tamaño oscila entre 42-54 µm y está formado por 
placas gruesas con una delicada reticulación que incluye una escultura en forma de 
aros alrededor de los poros (Lewis and Hallet, 1997) (Figura 2c). El cíngulo está 
bien excavado, es descendente y sin entrecruzamiento. Es bioluminiscente (Latz 
and Rohr, 1999). Su ciclo de vida involucra reproducción vegetativa, formación de 
estadios de quistes temporales y reproducción sexual. Los quistes son esféricos 
(31-54 µm) con una pared celular doble y la superficie granular cubierta de 
espinas, los quistes vivos presentan un cuerpo rojizo muy prominente (Lewis and 
Burton, 1988; Figueroa and Bravo, 2005). Requiere de elevadas concentraciones de 
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nutrientes para desarrollarse, es cosmopolita y se encuentra principalmente en 
zonas costeras templadas y subtropicales (Lewis and Hallet, 1997).  
 
2.3.3. Gonyaulax spinifera (Claparède et Lachmann) Diesing 1866: 
También es un dinoflagelado tecado con forma poliédrica (Figura 2c) perteneciente 
a la familia Gonyaulacaceae. Su tamaño es de 24-50 µm de largo y 30-40 µm de 
ancho. Tiene un cíngulo prominente, descendente, bien excavado y con un 
entrecruzamiento, posee además dos espinas antapicales (Hansen et al., 1996; 
Steidinger and Tangen, 1996) (Figura 2f). Hay diferentes tipos de quistes asociados 
con la célula móvil de esta especie (Wall and Dale, 1968; Dale, 1983), por lo que 
se cree que podrían ser diferentes especies bajo el nombre de G. spinifera. Se 
encuentra ampliamente distribuido, desde aguas polares a tropicales. 
 
 
 
 
 
 
Figura 2. Principales organismos productores de YTXs, célula viva (a), (b), (c) y fotografía 
electrónica (d), (e), (f) de: Protoceratium reticulatum (Paz, 2006), Lingulodinium 
polyedrum (Figueroa, 2005) y Gonyaulax spinifera (Kuylenstierna and Karlson, 2006), 
respectivamente. Barra 10 µ. 
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2.4. Estructura de la YTX 
Inicialmente se determinó por resonancia magnético nuclear (RMN) que la YTX 
tenía una estructura planar con la fórmula molecular C55H82O21S2Na2 (Murata et al., 
1987) pero, la configuración absoluta es más reciente (Satake et al., 1996; 
Takahashi et al., 1996). Es un poliéter disulfatado, de elevado peso molecular 1141 
[M-H]-, que posee un esqueleto de 47 carbonos en forma de escalera, formada por 
11 anillos éter contiguos, una cadena lateral terminal insaturada de 9 carbonos y 2 
ésteres de sulfato (Murata et al., 1987) (Figura 3). 
La estructura básica es de naturaleza liposoluble y los grupos sulfato le 
proporcionan propiedades hidrosolubles que, en conjunto, dan lugar a una sustancia 
anfótera, por lo que se puede extraer adecuadamente con metanol:agua (Yasumoto 
and Takizawa, 1997). La presencia del grupo sulfo-ester hace a estas moléculas de 
las más polares en el grupo de toxinas lipofílicas, debido a ello, y como se muestra 
en el anexo II de esta tesis doctoral (Paz et al., 2004), resulta fácil encontrar 
cantidades importantes de YTX en el medio de cultivo. 
 
Figura 3. Estructura de la YTX. 
 
 
2.5. Análogos de la YTX 
Además de la YTX se han descrito numerosos análogos incluyendo sus estructuras 
y configuraciones, cuyo peso molecular varía entre 955 y 1551 (Satake et al., 1996; 
Miles et al., 2005a; Miles et al., 2006a). Hasta el momento se han identificado y 
caracterizado por RMN y cromatografía líquida acoplada a espectrometría de 
masas (LC-MS/MS) 36 derivados naturales (Figura 4-7), si bien teóricamente se 
han descrito unos 90 cuya estructura se desconoce (Miles et al., 2005a). Se cree 
que todavía existen más análogos debido a que la concentración de YTX 
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determinada por ELISA es mayor que la determinada por LC-MS. Esta diferencia 
se debe a que con el ELISA se detectan todos los análogos de la YTX 
conjuntamente (conocidos y desconocidos), pero con el método de LC-MS se 
identifican individualmente, por lo que los análogos desconocidos posiblemente no 
se detecten ni cuantifiquen por LC-MS (Samdal et al., 2005). Algunos de ellos son 
producidos directamente por los dinoflagelados y otros son producto del 
metabolismo de los moluscos, y son los siguientes: 
 
2.5.1. Análogos detectados en moluscos 
El primer análogo de la YTX descubierto en moluscos fue la 45-hidroxiYTX en P. 
yessoensis (Yasumoto et al., 1989), más tarde, en la misma especie, se identificó la 
45,46,47-trinorYTX (Satake et al., 1996). Posteriormente se encontraron en 
mejillones del Mar Adriático (Mytilus galloprovincialis) otros análogos como: la 
homoYTX, la 45-hidroxihomoYTX (Satake et al., 1997b) (Figura 4), la adriatoxina 
(Ciminiello et al., 1998) (Figura 5), la carboxiYTX (Ciminiello et al., 2000a), la 
carboxihomoYTX (Ciminiello et al., 2000b), la noroxohomoYTX (Ciminiello et 
al., 2001) (=42,43,44,45,46,47,55-heptanor-41-oxohomoYTX ó 41-
ketohomoYTX) y la noroxoYTX (Ciminiello et al., 2002a) 
(=42,43,44,45,46,47,55-heptanor-41-oxoYTX ó 41-ketoYTX) y, en mejillón 
Noruego, la 1-desulfoYTX (Daiguji et al., 1998b). Más recientemente, se 
identificaron en Mytilus edulis de Noruega la 41a-homoYTX, la 44,55-
dihidroxiYTX (MacKenzie et al., 2002; Finch et al., 2005) y la 45-
hidroxicarboxiYTX (Aasen et al., 2005). Los últimos análogos identificados en 
moluscos son dos desulfoYTXs detectadas en mejillones del Mar Adriático: la 1-
desulfocarboxihomoYTX y la 4-desulfocarboxihomoYTX (Ciminiello et al., 2007) 
(Figura 4). 
 
A pesar de este elevado número de análogos hallados en los moluscos como 
producto de su metabolismo, el mayoritario suele ser la 45-hidroxiYTX, seguido 
por la carboxiYTX. 
 
2.5.2. Análogos detectados en dinoflagelados 
P. reticulatum es responsable de la producción de la mayor parte de los análogos 
encontrados en dinoflagelados, posiblemente debido a que al ser el productor 
mayoritario de YTXs ha sido el más estudiado. El primer derivado de la YTX 
identificado en el alga fue la 45,46,47-trinorYTX (=norYTX) encontrado en una 
cepa de P. reticulatum de Yamada Bay, Japón (Satake et al., 1999) y, 
posteriormente, detectada en Noruega (Samdal et al., 2004b). Otros análogos 
encontrados más recientemente en el dinoflagelado P. reticulatum son: la 
homoYTX (=1a-homoYTX) (Ciminiello et al., 2003b), la noroxoYTX (Ciminiello 
et al., 2003b; Miles et al., 2005a) y dos isómeros de esta, la 40-epi-41-ketoYTX y 
la 41-ketoYTXenona (Miles et al., 2004a), también la 41a-homoYTX, la 9-Me-
41a-homoYTX (Figura 4), cuatro nor-ring-A-YTXs (Figura 6) (Miles et al., 
2004b), la 9-Me-41-ketoYTXenona (Miles et al., 2006a), la 44,55-dihidroxiYTX, 
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la 44,55-dihidroxi-41a-homoYTX y la 44,55-dihidroxi-9-Me-41a-homoYTX 
(Finch et al., 2005), las hidroxiamidaYTX derivadas de la 41a-homoYTX y de la 9-
Me-41a-YTX (Miles et al., 2005b). En los últimos estudios se han identificado la 
45-OHdinorYTX, la 44-oxotrinorYTX, la 41a-homo-44-oxotrinorYTX (Miles et 
al., 2006a) y la 45,46,47-trinorYTX (Satake et al., 2006) (Figura 4). 
 
Las variaciones de todos estos análogos respecto a la YTX son debidas a 
hidroxilaciones, carboxilaciones, desulfataciones, metilaciones, oxidaciones, 
amidaciones, cambios en la longitud de la cadena de carbono o ausencia del anillo 
A (Satake et al., 1996; Tubaro et al., 1998; Miles et al., 2004a; Miles et al., 2006a). 
Recientemente se ha determinado la estructura de un nuevo tipo de derivados 
debidos a glicosilaciones de la cadena de la 1a-homoYTX y de la YTX, que poseen 
1, 2 o 3 unidades arabinofuranosa unidas al C-32 (Figura 7). Los primeros 
derivados glicosilados descubiertos fueron las 32-O-di-, -mono- y -tri-arabinosil-
1a-homoYTXs, que se denominaron respectivamente, protoceratinas II, III y IV 
(Konishi et al., 2004). Seguidamente, como se describe en el trabajo II de la 
presente tesis doctoral, se ha identificado la 32-O-mono-arabinosilYTX (Souto et 
al., 2005) y, paralelamente, las 32-O-di- y tri- arabinosilYTXs (Miles et al., 2006b) 
(= 32-O-[ß-L-arabinofuranosil]YTX, 32-O-[ß-L-arabinofuranosil-(5'-1'')-ß-L-
arabinofuranosil]YTX y 32-O-[ß-L-arabinofuranosil-(5'-1'')-ß-L-arabinofuranosil-
(5''-1''')-ß-L-arabinofuranosil]YTX), también denominadas glicoyesotoxinas (G-
YTXs) para abreviar.  
 
A pesar de que el dinoflagelado P. reticulatum es capaz de producir numerosos 
análogos de la YTX, el mayoritario suele ser la propia YTX, a excepción de 
contadas cepas que presentan como principal toxina la homoYTX como se muestra 
al final de esta tesis (Paz et al., 2007), si bien se ha visto que las noroxoYTXs, 
trinorYTXs (Samdal et al., 2006) y glicosilYTXs (Paz et al., 2007) representan un 
porcentaje importante del conjunto de los análogos. 
La concentración y perfil de toxinas también varía entre las distintas cepas, 
encontrándose incluso cepas no productoras de YTXs, posiblemente debido a 
diferencias genéticas entre los P. reticulatum, pero también influenciadas por las 
condiciones de cultivo y métodos de extracción de las toxinas (Paz et al., 2007). 
 
Parece que L. polyedrum también produce algún derivado de la YTX, ya que en 
muestras de arrastre de red del Mar Adriático se encontró homoYTX junto con la 
YTX (Draisci et al., 1999a). Otro posible análogo aislado a partir de Mytilus edulis 
de Noruega y putativamente producido por Coolia monotis sería la cooliatoxina 
(Holmes et al., 1995), que casualmente posee el mismo peso molecular que la 1-
desulfoYTX (Daiguji et al., 1998b), pero no hay información sobre su estructura 
química ni registros posteriores de toxicidad por C. monotis que confirmen su 
relación con las YTXs. 
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Figura 4. Estructura de la YTX y análogos (*sin el grupo SO3H en C-1). 
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Figura 4 (Continuación). Estructura de la YTX y análogos (*sin el grupo SO3H en C-
1,**sin el grupo SO3H en C-4).  
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Figura 5. Adriatoxina (m/z 1048) (Ciminiello et al., 1998). 
 
Figura 6. Estructura los análogos nor-A-ring de la YTX. 
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Figura 7. Estructura de la YTX y análogos glicosilados. 
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2.6. Metabolismo de las YTXs en los moluscos 
La primera referencia sobre el metabolismo de las YTXs en el molusco indica que 
probablemente la YTX y la homoYTX sean oxidadas a 45-OHYTX y 45-
OHhomoYTX respectivamente (Yasumoto and Takizawa, 1997). Estudios mas 
recientes señalan que, tras la ingestión del alga, el molusco oxida rápidamente la 
YTX a 45-OHYTX y un poco más lentamente a carboxiYTX, a su vez 
posiblemente la 45-OHYTX se metabolizaría a 45-OHcarboxiYTX aún más 
lentamente (Aasen et al., 2005) (Figura 8). Estas hipótesis se apoyan en que 
mayoría de las YTXs encontradas en el molusco son 45-OHYTX y carboxiYTX, 
que van apareciendo a medida que la concentración de YTX disminuye 
(Mackenzie et al., 2001; Samdal et al., 2005). 
La YTX puede transformarse a 45-OHYTX tanto por Perna canaliculus como por 
Mytilus galloprovincialis, pero con una mayor eficiencia en el segundo caso, que 
convierte más del 90 % de la YTX en 45-OHYTX y P. canaliculus transforma 
menos del 10 % (Mackenzie et al., 2001). 
Hay cierta controversia sobre si algunos de los análogos son producidos 
exclusivamente por el molusco o también por el alga. Según Ciminiello (2003) un 
pequeño porcentaje de la 45-OHYTX, 45-OHhomoYTX, carboxiYTX y 
carboxihomoYTX son producidas directamente por el alga, pero se sabe que la 
mayor parte de la 45-OHYTX, carboxiYTX y sus formas homo se deben al 
metabolismo de la YTX y homoYTX en el molusco (Samdal, 2005), además, en 
los últimos estudios, ni la 45-OHYTX ni la carboxiYTX se encontraron en el 
dinoflagelado (Samdal et al., 2004b; Miles et al., 2005a; Paz et al., 2007). 
 
 
Figura 8. Esquema del metabolismo de la YTX (Aasen et al., 2005), lo mismo para la 
homoYTX (Yasumoto and Takizawa, 1997). 
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2.7. Mecanismo de Acción de las YTXs 
Aunque se han desarrollado muchos trabajos de citotoxicidad intentando elucidar 
este tema actualmente se desconoce el mecanismo de acción preciso de la YTX, lo 
que sí parece claro es que no inhibe la actividad de las protein-fosfatasas (PP1 y 
PP2A) (Ogino et al., 1997), cuando otras toxinas lipofílicas sí lo hacen. 
Debido a su similitud con las brevetoxinas y ciguatoxinas podría actuar como 
agente despolarizante, abriendo los canales de membrana de células permeables al 
sodio e implicando una entrada de Na+, sin embargo la YTX no actúa sobre los 
canales de Na+ (Ciminiello et al., 1999). 
Según estudios con linfocitos humanos parece que la YTX produce dos efectos 
diferentes en la homeostasis del Ca2+: por un lado induce la entrada de Ca2+ 
extracelular a través de los canales de Ca2+ sensibles a la nifedipina y al SKF 96365 
(bloqueadores de los canales de Ca2+), por modulación de la adenosina 
monofosfato cíclica (AMPc), haciendo que aumenten los niveles Ca2+ citosólicos y, 
por otro lado, inhibe la entrada capacitativa de Ca2+ (entrada activada por el 
vaciamiento de los reservorios intracelulares de Ca2+), que es activada bien por la 
thapsigargina (inhibidor de la ATPasa de Ca2+ del retículo sarcoplásmico) o por la 
preincubación en un medio libre de Ca2+ (De la Rosa et al., 2001). También es 
posible que los niveles citoplasmáticos de Ca2+ aumenten por liberación de los 
reservorios intracelulares de Ca2+ o por inhibición de los mecanismos de salida (De 
la Rosa et al., 2001). Estudios posteriores indican que la YTX produce apoptosis en 
distintos tipos celulares como el neuroblastoma humano (Alfonso et al., 2003) por 
una inducción de distintas isoformas de las caspasas (mediadores en los procesos 
de apoptosis) (Leira et al., 2002a; Malaguti et al., 2002; Pérez-Gómez et al., 2006). 
Otros estudios sugieren como mecanismo de acción la activación de las 
fosfodiesterasas (PDEs) que disminuyen los niveles intracelulares de AMPc 
dependiendo de la presencia de Ca2+ en el medio extracelular (Alfonso et al., 2003). 
Si el blanco fueran las PDE III, que son abundantes en el músculo cardíaco, se 
explicaría fácilmente la cardiotoxicidad, pero esto requiere estudios adicionales 
(Blanco et al., 2005). 
Mas recientemente, Bianchini et al. (2004) señala que la YTX en presencia de Ca2+ 
aumenta la permeabilidad de la membrana de la mitocondria del hígado de rata 
(Bianchi et al., 2004), y Ferrari et al. (2004) sugiere una relación entre la estructura 
y la actividad de las YTXs en cultivos celulares, en la que la cadena C9 terminal es 
fundamental (Ferrari et al., 2004). 
A pesar de la existencia de este tipo de investigaciones, los efectos citotóxicos 
observados en cultivos celulares no tienen porqué ser los mismos que los inducidos 
por inyección i.p. u oral, ya que primero han de llegar a los órganos diana. Los 
estudios con análogos de la YTX son todavía más escasos, posiblemente debido al 
desconocimiento de muchos de ellos y a la escasez de cantidades suficientes de las 
toxinas purificadas necesarias para abordar este tipo de experimentos. 
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2.8. Toxicología de las YTXs 
El efecto tóxico y los síntomas que las YTXs provocan en humanos son 
relativamente desconocidos, debido a que, hasta la fecha, no se ha dado ningún 
caso de intoxicación en humanos y a que los datos existentes sobre toxicidad en 
ratón por administración oral son escasos. Lo que sí está claro es que la YTX no 
produce diarrea (Terao et al., 1990; Satake et al., 1997a). Los pocos estudios 
toxicológicos que abordan el tema manifiestan una gran diferencia entre la 
toxicidad vía intraperitoneal y la toxicidad vía oral en ratón: 
 
2.8.1. Toxicidad vía intraperitoneal (i.p.) 
Por inyección i.p la toxicidad es alta, ya que en una concentración en torno a 100 
µg/Kg mata al ratón (Ogino et al., 1997) (Tabla 1). Los síntomas en ratones 
tratados con dosis i.p. letales de YTX y homoYTX son similares a PSP, empiezan a 
aparecer a las 4 horas con signos de cansancio y mueren rápidamente por disnea 
repentina, principalmente porque producen daño severo en el músculo cardiaco 
(Terao et al., 1990; Tubaro et al., 2003; Suárez-Korsnes et al., 2006), pero también 
en hígado y páncreas (Ogino et al., 1997; Aune et al., 2002). Su letalidad es 
superior a la de las toxinas diarreicas en las que los síntomas pueden tardar en 
aparecer 24 horas (Ogino et al., 1997), por ello las YTXs deberían considerarse 
como potencialmente tóxicas para humanos. La dosis letal 50 (LD50) varía entre las 
distintas YTXs entre 80 y 750 µg/Kg (tabla 1). 
 
2.8.2. Toxicidad vía oral 
Por vía oral la YTX es 10 veces menos tóxica que por vía i.p. (Ogino et al., 1997) y 
solo se detectan pequeñas alteraciones transitorias en la conducta. Los estudios 
histopatológicos revelan que el órgano diana es el corazón con una ligera 
afectación de las células del miocardio con edema intracelular (Terao et al., 1990; 
Aune et al., 2002) y parece que pueda afectar también al sistema inmune (Franchini 
et al., 2004), pero no se observan ni daños en los órganos digestivos ni diarrea 
(Terao et al., 1990; Ciminiello et al., 1997; Satake et al., 1997b). Incluso a dosis 
muy elevadas entre 10 mg/Kg (Terao et al., 1990) y 54 mg/Kg (Samdal et al., 
2004a) la YTX no mata al ratón. Los estudios más recientes de toxicidad oral en 
ratón señalan que la YTX no parece ser un riesgo serio para la salud humana 
(Suárez-Korsnes et al., 2006). 
 
De forma complementaria a estos estudios toxicológicos, quedaría por establecer si 
estas toxinas pueden ser absorbidas por el intestino y entonces acceder a los 
órganos diana. Se sabe que la presencia de grupos sulfato reducen la absorción de 
compuestos por el tracto digestivo por la menor afinidad por las membranas 
lipídicas, así los derivados hidroxilados y la adriatoxina, que poseen tres grupos 
sulfato, tienen un efecto tóxico menor. 
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Tabla 1. Dosis letales (LD50) de la principales YTXs. 
 
Toxina LD50 (µg/kg) Referencia 
YTX 80-750 Murata et al., 1987* 
HomoYTX 100 Satake et al., 1997 
TrinorYTX 220 Satake et al., 1996 
45-HidroxiYTX 500 Satake et al., 1996 
45-hidroxihomoYTX 500 Satake et al., 1997 
1-desulfo YTX 500 Daiguji et al., 1998 
CarboxiYTX 500 Ciminiello et al., 2000a 
CarboxihomoYTX 500 Ciminiello et al., 2000b 
    *( Yasumoto et al., 1989; Terao et al., 1990; Ojino et al., 1997; Aune et al., 2002) 
 
 
2.9. Epidemiología de las YTXs 
No hay datos sobre intoxicación en humanos por ingestión de moluscos 
contaminados con YTXs, y en los casos en los que se ha dado, con sintomatología 
gastrointestinal, siempre han sido asociadas a toxinas diarreicas (DST) como el 
ácido okadaico (OA), las dinofisistoxinas (DTX1, DTX2) o las pectenotoxinas 
(PTX). Muchas veces se han cerrado zonas de marisqueo debido a estos resultados 
positivos en el bioensayo en ratón para DSP, pero que estaban provocados por las 
YTXs. 
Las YTXs se han detectado en mejillones y vieiras de muy diferentes 
localizaciones: Japón (Murata et al., 1987), Noruega (Lee et al., 1988; Daiguji et 
al., 1998b; MacKenzie et al., 2002; Samdal, 2005), Italia (Ciminiello et al., 1997; 
Satake et al., 1997a; Ciminiello et al., 1998; Ciminiello et al., 2003a), Nueva 
Zelanda, Chile (Yasumoto and Takizawa, 1997) y, como se muestra en esta tesis, 
en España (Arévalo et al., 2006) (Figura 1) pero, debido a que muchos casos de 
DSP se han detectado solo por el bioensayo en ratón, posiblemente los episodios de 
YTXs hayan quedado enmascarados. Con los métodos analíticos de detección 
mejorados, sería posible determinar con exactitud la distribución geográfica de 
cada tipo de toxina, pero debido al uso limitado de estos nuevos métodos, 
actualmente los casos documentados para este tipo de toxinas son muy escasos. 
 
2.10. Determinación de las YTXs 
La determinación de la YTX y sus análogos es compleja ya que tienen propiedades 
de solubilidad comunes a otras toxinas lipofílicas y porque coexisten en el 
fitoplancton y en los vectores. Como para cualquier toxina, se buscan métodos 
simples, rápidos, económicos y que permitan medir YTXs en dinoflagelados y 
moluscos. A parte de las consideraciones económicas, la opción del método de 
determinación depende de la información que se requiera: Los ensayos in vivo 
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normalmente se aplican para protección de salud pública, en la que la prioridad es 
determinar la toxicidad global potencial, estos ensayos se hacen mediante el 
bioensayo en ratón o por métodos in vitro. Los métodos analíticos se usan 
principalmente en investigación y para la confirmación, cuando lo que se requiere 
es la identificación y cuantificación de cada una de las toxinas presentes, 
generalmente se realiza por LC-FLD y LC-MS. 
 
2.10.1. Ensayos in vivo 
Se basan en la administración a un animal de la muestra o un extracto de la misma, 
por vía oral o intraperitoneal (i.p.), seguido de la observación de los síntomas y/o 
determinación del tiempo de muerte. El bioensayo en ratón es método oficial 
aceptado para detectar YTXs. 
 
Bioensayo en ratón (Yasumoto et al., 1978; Yasumoto et al., 1984): se emplea el 
mismo método que para toxinas DSP (OA/DTXs) ya que, en el proceso de 
extracción, se pueden co-extraer otras toxinas liposolubles como PTXs, AZA y 
YTXs. Implica una extracción con acetona y partición con dietileter, la partición 
con diclorometano es una alternativa empleada en Nueva Zelanda (Hannah et al., 
1995). El dietileter se evapora, se resuspende en Tween 60 al 0.1 % en medio 
salino y se inyecta 1 mL por vía i.p. a tres ratones de 20 g de peso. Los ratones se 
observan durante 24 h anotando síntomas y tiempo de muerte, que se correlaciona 
con la cantidad de toxina presente. La toxicidad se proporciona en unidades ratón 
(MU, “Mouse units”). Una MU es equivalente a la cantidad mínima de toxina 
necesaria para matar 2 de 3 ratones en 24 h. 
 
Debido a la baja toxicidad por vía oral en ratón, el límite que se ha puesto en la 
normativa Europea es muy alto (1000 µg/Kg YTX equivalentes) y, por tanto, a 
concentraciones más bajas de este límite los ratones mueren igual (Ogino et al., 
1997). La YTX es mucho más tóxica para el ratón que el OA, ya que en la dosis 
letal más baja de YTX la muerte se produce antes de las 5 horas y con la dosis letal 
más baja de OA y DTX1 la muerte puede producirse después de las 24 horas 
(Ogino et al., 1997). 
 
La falta de especificidad del bioensayo en ratón hace que, además de OA, DTXs, 
PTXs, AZA y YTXs, también se puedan detectar otras toxinas lipófílicas como 
espirólidos, gymnodimina, brevetoxinas y ciguatoxinas, por lo que con este método 
es muy difícil distinguir cual es la toxina que causa la muerte, pudiendo generarse 
falsos positivos (Stabell et al., 1991). Para poder determinar el tipo de toxina que 
causa el resultado positivo es necesario recurrir a métodos analíticos como LC-
FLD o LC-MS (Hess et al., 2003; Suzuki et al., 2005). 
 
De forma general se considera que el bioensayo en ratón es un inconveniente para 
la detección de biotoxinas marinas ya que es caro, se necesita mucho tiempo, no 
distingue entre toxinas o grupos, los ácidos grasos libres pueden interferir en los 
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resultados, la recuperabilidad de las YTXs de los extractos son variables, se 
producen efectos matriz (Stabell et al., 1991; Goto et al., 2001; Tubaro et al., 2003) 
y es éticamente cuestionable por el bienestar de los animales. Pero tras muchos 
años de uso se ha demostrado que es muy efectivo par la detección de toxinas DSP 
y otras toxinas lipofílicas con el propósito de proteger la salud de los 
consumidores. 
 
2.10.2. Ensayos in vitro 
 
2.10.2.1. Ensayos funcionales. La medida es una respuesta ligada al 
mecanismo de acción de la toxina sobre células en cultivo, por consiguiente se 
correlaciona bien con la toxicidad real. El problema es que se requieren mucho 
entrenamiento, mucho trabajo y cepas de células viables, además pueden ser 
sensibles a interferencias y no se pueden distinguir análogos. Recientemente se han 
desarrollado varios para YTXs, entre los que cabe destacar: 
 
Ensayos de citotoxicidad: el método que se usa para las toxinas DSP y que 
también detecta YTXs (Aune et al., 1991) se basa en la observación al microscopio 
de los cambios morfológicos en hepatocitos de rata tras la exposición a la toxina. 
Distingue entre OA, DTX1 y YTXs: el OA induce la aparición de células con 
formas irregulares y bultos en la superficie, la PTX1 produce una vacuolación 
dependiente de la dosis y las YTXs no inducen cambios en la forma de las células, 
pero producen pequeños bultos en la superficie de las células. La información que 
aporta es únicamente cualitativa dado que los cambios producidos no dependen de 
la dosis. 
 
Acumulación de E-caderina (Pierotti et al., 2003): es un método que mide el 
incremento de E-caderina fragmentada en células cancerosas MCF-7 inducida por 
la YTX y que es dependiente de la concentración de una proteína de 102.1± 3.1 
kDa. Se detectan por immunoblotting usando un anticuerpo anti-E-caderina. Es un 
método muy sensible (con un límite de detección de 100 µg/Kg YTX equivalentes) 
y específico, pero es muy complejo lo que limita mucho su posible aplicación en el 
monitoring. 
 
Disminución de la Adenosina-3,5-Monofosfato cíclica (AMPc) intracelular 
(Alfonso et al., 2003): El AMPc de las células expuestas a la YTX disminuye 
dependiendo de la dosis de añadida y debido a la actividad de la fosfodiesterasas 
(PDEs). Para la determinación se usa el derivado fluorescente del AMPc, el 
anthranyloyl-AMPc, cuya fluorescencia disminuye en el tiempo debido a la 
hidrólisis de las PDEs. La relación de la respuesta lineal de la hidrólisis a diferentes 
concentraciones de YTX está entre 0.1 y 10 µM. 
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2.10.2.2. Ensayos estructurales (inmunoensayos) se basan en la medida de 
la interacción entre unos anticuerpos y unas estructuras específicas de la toxina, 
que no se relacionan necesariamente con la actividad biológica de la toxina. 
 
ELISA (“enzyme-linked immunosorbent assay”): El método ELISA para 
determinar YTXs en moluscos, algas y agua de mar se ha desarrollado 
recientemente (Briggs et al., 2004). Se trata de un inmunoensayo competitivo 
indirecto con anticuerpos policlonales anti-YTX producidos por oveja, para un 
conjugado YTX-proteína (cBSA). Mide las YTXs en equivalentes inmunoreactivos 
basados en un patrón de YTX. La inmunoreactividad depende de los análogos 
presentes en la muestra y de la reactividad cruzada del anticuerpo usado contra 
estos análogos. La mayoría de las diferencias estructurales en los análogos de la 
YTX están en la parte no sulfatada de la molécula, por tanto, la toxina se conjuga 
en esta parte final para obtener anticuerpos con una buena reactividad cruzada para 
la mayoría de las YTXs conocidas y desconocidas. El rango de trabajo es de 70-
1300 pgYTX/mL. 
Al no relacionarse directamente con la actividad biológica de la toxina la 
correlación con la toxicidad real no es tan buena como en los ensayos funcionales. 
Como integra la respuesta de cada toxina con la reactividad cruzada no se 
distinguen análogos, esto implica que muestras con una mezcla de YTXs darán un 
mayor resultado por ELISA que por LC-MS (Samdal et al., 2005). Además, la 
reactividad cruzada de los anticuerpos está limitada a componentes con sitios 
específicos compatibles, por tanto puede que no se detecten todos los análogos, con 
el importante riesgo de obtener falsos negativos. Tiene la ventaja de que en general 
es un método sensible, rápido, barato y con un buen rendimiento, accesible a 
muchos laboratorios y que requiere poco entrenamiento. Últimamente se ha 
desarrollado un Kit comercial para la determinación de YTX (Kleivdal et al., 2005) 
basado en el método ELISA de Briggs (2004), con las ventajas de rapidez y 
accesibilidad, como una herramienta de control rutinario. 
 
2.10.3. Métodos químicos 
Implican un paso preliminar de separación de toxina y después la identificación y 
cuantificación de las toxinas individuales. Miden una respuesta instrumental que es 
proporcional a la respuesta de la toxina. Requiere una calibración previa del equipo 
con estándares de cada una de las toxinas. Los métodos empleados para determinar 
YTXs son los de cromatografía líquida con diferentes sistemas de detección: 
 
2.10.3.1. Cromatomatografía líquida con detector de fluorescencia (LC-FLD) 
(Yasumoto and Takizawa, 1997): es un método válido para el análisis cualitativo y 
cuantitativo de la YTX tanto en molusco como en el alga, que se basa en la 
determinación de un derivado fluorescente de la toxina, que se consigue con una 
derivatización precolumna con un reactivo dienófilo, el (4-(2-(6,7-dimethoxy-4-
methyl-3-oxo-3,4dihydroquinoxalimylethyl)-1,2,4-triazoline-3,5-dione) (DMEQ-
TAD) (Figura 9). 
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Figura 9. Reacción de derivatización de la YTX con DMEQ-TAD (Yasumoto and 
Takizawa, 1997). 
 
Para eliminar interferencias por posibles compuestos fluorescentes, antes del 
análisis se necesita una limpieza de la muestra mediante extracción en fase sólida 
(SPE) utilizando cartuchos Sep-Pak con fase reversa C18. El reactivo fluorógeno 
actúa sobre el grupo dieno (doble enlace conjugado) en el extremo de la cadena 
C42, debido a ello sólo se detectan aquellos derivados con este grupo, como la 
YTX, 45-OHYTX, trinorYTX (Yasumoto and Takizawa, 1997), desulfoYTX 
(Daiguji et al., 1998b), homoYTX, 45-OHhomoYTX y, como se detalla en el 
trabajo III de la presente tesis, las G-YTXs (Paz et al., 2006). Los derivados como 
la carboxiYTX, adriatoxina, diOHYTX, noroxoYTX, etc… que no poseen el grupo 
dieno en C42 no se pueden detectar por LC-FLD. En el cromatograma generado 
por fluorescencia para cada una de las YTXs se detectan dos picos 
diasteroisoméricos debidos a los epímeros C42, que se forman por la unión del 
reactivo a la toxina en dos conformaciones r y s (Figura 9). En el caso de la YTX la 
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relación entre estos dos picos es 3:1 (Yasumoto and Takizawa, 1997). La YTX y 
sus análogos eluyen a diferentes tiempos de retención, por lo que el uso de patrones 
es esencial para la identificación de las YTXs. 
Prácticamente los únicos inconvenientes de este método son que la detección de 
nuevos análogos está limitada por la presencia del grupo dieno y que es difícil 
distinguir análogos con tiempo de retención muy próximos como la YTX y 
homoYTX. Pero presenta las ventajas de ser un método muy sensible, con una 
buena linealidad (0.4-6 mg/Kg), barato, asequible prácticamente a cualquier 
laboratorio y bastante más rápido que el bioensayo en ratón incluyendo los pasos 
previos de limpieza de los extractos. 
 
2.10.3.2. Cromatomatografía líquida acoplada a espectrometría de masas 
(LC-MS): actualmente es la herramienta analítica más poderosa para identificar y 
determinar múltiples toxinas. Es un método de alta sensibilidad, especificidad, 
selectividad y válida para aportar información estructural muy importante en la 
confirmación de toxinas y en la identificación de nuevas toxinas y análogos. No 
requiere los pasos de derivatización y purificación necesarios para el método de 
LC-FLD. Se pueden detectar todos los tipos de YTXs, incluso las derivatizadas con 
DMEQ-TAD como se muestra en el trabajo III de esta Tesis (Paz et al., 2006). Al 
igual que en otros métodos químicos también se necesitan patrones para la 
calibración, para el desarrollo del método y para la cuantificación, pero se puede 
obtener información de la presencia de un análogo de una toxina de estructura 
conocida incluso si solo se posee el patrón de la toxina más relevante del grupo. 
Prácticamente el único inconveniente es que este método precisa un equipamiento 
más caro. 
Se han desarrollado numerosos métodos específicos para la detección de YTXs por 
LC-MS, que difieren básicamente en la fase móvil, tipo de tampón, pH, fuerza 
iónica, fase estacionaria y modo electrospray (positivo o negativo) (Draisci et al., 
1998; Draisci et al., 1999b; Goto et al., 2001; Ciminiello et al., 2002b; Fernandez-
Amandi et al., 2002; Cooney et al., 2003; Stobo et al., 2003). Los últimos métodos 
desarrollados buscan la determinación conjunta de YTXs OA/DTXs y PTXs 
(Draisci et al., 1999b; Goto et al., 2001; Quilliam, 2003). Las YTX se suelen 
determinar ionizadas en modo negativo, ya que se pierden fácilmente un protón del 
grupo sulfato en extremo de la cadena. El empleo de LC-MS/MS aporta una 
información estructural adicional muy valiosa ya que permite identificar y 
distinguir la YTX de sus análogos. La fragmentación de las YTX es muy fácil 
incluso con energías de colisión (E.C.) bajas, es característica una primera pérdida 
del grupo sulfato (si lo tiene) y una posterior fragmentación de la cadena terminal 
insaturada (Ciminiello et al., 2002b). 
El método de LC-MS se emplea en los test rutinarios para toxinas DSP y PTX en 
Nueva Zelanda para controlar la recogida de moluscos comerciales (McNabb and 
Holland, 2003) y se está aplicando actualmente para complementar el bioensayo en 
ratón en programas de control (Hess et al., 2003). 
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2.10.3.3. Electroforesis capilar con detección UV/MS es un método 
cuantitativo alternativo a la LC-FLD para la determinación de YTXs, presenta una 
alta resolución en la separación y requiere muestras de pequeño tamaño. El 
acoplamiento a MS permite la confirmación de las YTXs presentes en las muestras 
(De la Iglesia et al., 2006). 
 
 
2.11. Regulación de las YTXs 
Entre todos los grupos de toxinas marinas, las pertenecientes al grupo DSP son las 
que han estado sujetas a mayor controversia por no haber un acuerdo general sobre 
cuales deberían pertenecer al grupo, cuales deberían ser controladas y reguladas, o 
acerca de los niveles de tolerancia y el método de determinación mas apropiado 
para el control sanitario. En este sentido hay discrepancias en los métodos y 
criterios utilizados para identificar resultados positivos. 
Debido a los numerosos cierres por DSP y a los recientes estudios, en 2002 la 
Comisión Europea puso a las YTXs en un grupo de ficotoxinas separado mediante 
la Directiva 2002/225/EC (CEE, 2002). En esta Directiva se ha fijado el nivel 
máximo permitido de YTX y los análogos 45-OHYTX, homoYTX y 45-
OHhomoYTX en moluscos para consumo humano en 1 mg YTX equivalentes/Kg 
de parte comestible (todo el cuerpo o cualquier parte comestible separadamente). 
Actualmente, el seguimiento y control de OA, DTXs, PTXs, YTXs y AZAs 
reguladas por la Directiva 2002/225/EC se hace con un solo bioensayo en ratón. 
Debido a ello las YTXs pueden dar lugar a resultados positivos en el bioensayo 
incluso a niveles por debajo de los límites regulados en la Decisión y esto es un 
gran problema analítico todavía no resuelto. 
La Directiva 2002/225/EC también dice que, en adición a los métodos de control 
actuales, se pueden aceptar métodos de detección alternativos como métodos 
químicos y ensayos in Vitro, si se demuestra que el nuevo método no es menos 
efectivo que el biológico y que su implementación proporciona un nivel 
equivalente de protección de la salud pública. También dice que si se descubren 
nuevos análogos con importancia para la salud pública deberían ser incluidos en las 
determinaciones. En este sentido se ha sugerido que la carboxyYTX debería ser 
incluida en los análisis de control de moluscos debido a su posible toxicidad y a 
que aparece de forma abundante en el mejillón (Samdal, 2005). 
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2.12. Justificación del interés del estudio de las YTXs 
 
1. Por su potencial efecto tóxico: Aunque las YTXs no parecen provocar efectos 
tóxicos aparentes en humanos, debido al daño celular y al efecto letal observado en 
los estudios toxicológicos con ratones, deberían de tenerse en cuenta por su 
potencial perjuicio para la salud pública. 
 
2. Porque generan falsos positivos: El principal interés del estudio de las YTXs se 
debe a que pueden aparecer asociadas a las toxinas causantes de la intoxicación 
diarreica por moluscos (DSP) interfiriendo con el proceso habitualmente empleado 
en su detección, el bioensayo en ratón, causando falsos positivos. 
 
3. Necesidad de búsqueda de métodos de determinación mas adecuados: El hecho 
de que en la actual directiva las YTXs sean controladas mediante bioensayo en 
ratón junto con otras toxinas constituye una traba, ya que por un lado da lugar a 
falsos positivos para DSP y por otro lado las YTXs no se pueden distinguir del 
resto de las toxinas y menos de sus análogos. La posibilidad de introducir nuevos 
métodos de determinación validados abre una puerta a la investigación en la 
búsqueda de nuevos métodos más rápidos, sensibles y específicos. Los métodos 
funcionales (ELISA y similares) aportan información global de la toxicidad, pero 
no describen cuantas toxinas y en que cantidad pueden estar presentes en una 
muestra. La alternativa más prometedora la constituyen los análisis químicos, que 
permiten la identificación y cuantificación de las toxinas por separado. 
 
4. Determinación del perfil de toxinas: En el momento de iniciar este estudio, el 
perfil de toxinas caracterizado para el dinoflagelado P. reticulatum era de 3 o 4 
análogos, pero en el transcurso de la investigación se han ido describiendo nuevos 
análogos y actualmente se habla de unos 90 (Ciminiello et al., 2003b; Miles et al., 
2005a; Satake et al., 2006). La existencia de tan elevado número de análogos junto 
la posibilidad de que existan más, hace que su búsqueda sea un tema de interés a 
desarrollar en nuevas investigaciones. También es importante conocer en que 
condiciones se producen estos análogos y si son producidos por todas las especies 
y cepas de igual modo, en cuanto a cantidad y tipos. Esta variedad de análogos 
dificulta la obtención de métodos de determinación adecuados y el estudio con 
seguridad de su modo de acción, debido a la dificultad de aislarlos y purificarlos. 
 
5. Precisar el mecanismo de acción: Debido a que no se conoce con exactitud el 
mecanismo de acción de la YTX y a que estudios toxicológicos muy preliminares 
con sus análogos apuntan una alta citotoxicidad de los mismos, debería de 
continuarse con los estudios en este área. Estudios que se encuentran con el 
inconveniente de la escasez de material de referencia. 
 
6. Escasez de fuentes para purificar toxinas: Para poder abordar tanto los estudios 
toxicológicos como los químicos se necesitan patrones, cuya disponibilidad en el 
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mercado es escasa o nula y cuando lo están son muy costosos. Estos materiales de 
referencia se pueden extraer y purificar a partir de moluscos bivalvos intoxicados 
naturalmente; pero para ello se debe aguardar a la aparición de un evento tóxico de 
forma natural, y además los extractos de moluscos precisan de muchos pasos de 
purificación (Goto et al., 1998). Una solución consiste en el aislamiento y cultivo 
de las especies de microalgas productoras de las YTXs, con la ventaja de que los 
extractos obtenidos son más limpios y de mayor disponibilidad en cuanto a tiempo. 
Para poder conseguir cantidades suficientes de YTXs y en poco tiempo, son 
necesarios más estudios experimentales de optimización de la producción a partir 
de los dinoflagelados. 
__________________________________________________________________Objetivo 
 39 
 
 
3. OBJETIVO 
 
Teniendo en cuenta la necesidad de mejorar las técnicas de análisis y producción 
de las yesotoxinas (YTXs) para su uso como patrones y material de referencia en 
estudios toxicológicos, el objetivo general de la presente Tesis Doctoral es la 
obtención de la YTX a partir de cultivos de dinoflagelados y la determinación del 
perfil de toxinas en los mismos, para ello ha sido necesario cubrir los objetivos 
específicos que se describen a continuación: 
 
1. Desarrollo de un método de extracción, purificación, separación y 
cuantificación química de las YTXs a partir de las células y del medio de 
cultivo de dinoflagelados (Trabajo I). 
 
2. Identificación de los organismos productores de YTXs entre las cepas de 
Protoceratium reticulatum y Lingulodinium polyedrum disponibles en la 
colección cultivos del Centro Oceanográfico de Vigo (Trabajos I y V) y en 
fitoplancton natural (Anexo IV). 
 
3. Extracción, purificación y aislamiento de YTXs a partir de cultivos de gran 
volumen de P. reticulatum, para su uso como patrones debidamente calibrados 
(Anexo II). 
 
4. Búsqueda e identificación de conocidos y nuevos análogos de la YTX 
(Trabajos II, III y V). 
 
5. Cultivo de P. reticulatum en diferentes condiciones para definir, a través de 
planes factoriales, que factores y con que intensidad afectan al crecimiento del 
dinoflagelado y a la consecuente producción de YTXs (Trabajo IV). 
 
6. Determinación del perfil de YTXs de distintas cepas de P. reticulatum tanto en 
células como en el medio de cultivo (Trabajo V). 
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4. DISCUSIÓN DE LOS RESULTADOS 
 
4.1. Determinación y cuantificación química de YTXs 
 
Entre los métodos de análisis conocidos para la detección de YTXs los más útiles 
son los métodos cromatográficos de LC-FLD y LC-MS, ya que permiten la 
identificación y la cuantificación de las diferentes YTXs. Hasta la fecha estos 
métodos han sido desarrollados y descritos para la determinación de YTXs en 
moluscos, pero todavía no se han adaptado para matrices más limpias como los 
cultivos de dinoflagelados. 
 
Con el objetivo de desarrollar un método para la extracción, purificación y 
determinación de YTX a partir de cultivos de dinoflagelados (Trabajo I), se 
modificó el método descrito por Yasumoto and Takizawa (1997), en el que se 
determinan las YTXs de moluscos bivalvos por cromatografía líquida con 
detección por fluorescencia (LC-FLD). En ese método, la YTX de las glándulas 
digestivas de moluscos se extrae con MeOH:H2O (8:2), se purifica por cartuchos 
Sep-pak C18, se derivatiza con DMEQ-TAD y, previa a la determinación por LC-
FLD, se hace otra limpieza por Sep-pak C18. La optimización/adaptación que se ha 
hecho de este método para dinoflagelados, fue la siguiente: 
 
(i) Para la extracción de las YTXs a partir del cultivo del dinoflagelado, este se 
filtra recogiendo separadamente las células y el medio. La extracción a partir de las 
células se hace con MeOH 100 % y no al 80 % como para los moluscos; 0.5 mL de 
este extracto metánolico con 1.5 mL de acetato amónico se cargan en cartuchos 
Sep-pak C18, se lava con MeOH al 20 % y se eluye con MeOH al 70 %, como en 
el método de Yasumoto y Takizawa. En el caso del medio de cultivo, éste se pasa 
directamente a través del Sep-pak C18 y, al igual que para las células, se limpia 
con MeOH al 20 % y las YTXs se eluyen con MeOH al 70 % (Trabajo III). Al 
inicio de la Tesis las YTXs del medio de cultivo se eluían con MeOH 100 % sin 
una etapa previa de lavado (Trabajo I), ya que de partida eran matrices más limpias 
que las células pero, posteriormente, se observó que con este protocolo eluían sales 
que precipitaban e interferían en la reacción de derivatización y en la 
cromatografía, por lo que al final de la tesis se optó por usar el mismo método que 
para las células (Trabajo III). 
 
(ii) La siguiente adaptación fue la eliminación del segundo paso de purificación 
por Sep-pak C18, ya que los extractos de dinoflagelados son considerablemente 
más limpios que los de moluscos, y con una sola etapa de purificación salen 
suficientemente limpios. Esto implica reducción del tiempo de análisis y de 
posibles pérdidas de muestra en las distintas etapas. 
 
Discusión de los Resultados___________________________________________________ 
 42 
(iii) En la separación cromatográfica por LC-FLD se evita el uso de tampón 
fosfato, que puede ser más problemático en la cromatografía debido a la formación 
de precipitados, y es sustituido por acetato amónico (Lim and Peters, 1984). Este 
acetato amónico se prepara con ácido acético glacial a la molaridad deseada y 
ajustando el pH con amoníaco en disolución, en lugar de usar la sal, resultando un 
tampón más sencillo de preparar y que no forma precipitados, por lo que es más 
seguro. 
 
(iv) También se empleó una columna cromatográfica más convencional 
(Lichrospher 100 RP18 5µm), con la que se consigue una buena resolución de 
picos y una clara separación de análogos y de epímeros C-42 por LC-FLD (Trabajo 
III, Fig.1). El tiempo de cromatograma son 35 minutos y los tiempos de retención 
(Tr) para las todas las YTXs son cortos, 12 minutos para la YTX que es la última 
eluir. 
 
(v) Por último, para la optimización del método de identificación por 
espectrometría de masas (LC-MS) se optó por modificar los descritos por 
Ciminiello y Goto (Goto et al., 2001; Ciminiello et al., 2002b) buscando un método 
cromatográfico lo más parecido posible al utilizado en LC-FLD. En nuestro caso, 
el eluyente empleado consiste en una mezcla acetato amónico/MeOH en lugar de 
acetonitrilo; con la ventaja de que el MeOH es un disolvente de uso más común, 
más económico y menos tóxico que el acetonitrilo, y con el que se obtienen 
igualmente buenos resultados cromatográficos. Este método permite identificar de 
forma rápida y sensible la YTX y una serie de análogos conocidos o de reciente 
identificación (Trabajo V, Fig.3-5). Al igual que en el método de LC-FLD el 
tiempo total de cromatograma es de 35 minutos y los tiempos de retención son 
cortos variando entre 4 y 12 minutos en función del análogo de la YTX. 
 
 
4.2. Identificación de los organismos productores de YTXs 
 
Una vez desarrollado el método para la detección de YTXs en dinoflagelados, se 
procedió a su aplicación inmediata para la confirmación de las cepas productoras 
de YTXs pertenecientes a la colección de Cultivos del Centro Oceanográfico de 
Vigo. Teniendo en cuenta que estudios previos señalan a P. reticulatum como la 
principal productora de YTX y L. polyedrum como sospechosa de producir YTX o 
alguno de sus análogos, las diferentes cepas de ambos dinoflagelados disponibles 
en la colección fueron objeto de nuestro estudio: 
 
(i) En el caso de P. reticulatum, el propósito principal fue seleccionar la cepa 
productora de YTXs más adecuada para utilizarla en procesos de producción, 
aislamiento y purificación de las YTXs. Para ello se cultivó la cepa española 
GG1AM (Cádiz) y las cepas de América del Norte: CCMP1889 (Washington), 
CCMP404 (California), CCMP1720 y CCMP1721 (Florida) (Trabajo I, tabla 1). Se 
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confirmó la producción de distintas cantidades de YTX por cada una de las cepas, 
siendo GG1AM con la que se obtuvo el rendimiento más alto, ya que al final del 
cultivo se tiene un total de YTX de 25.6 ngYTX/mL de cultivo (suma 16.1 
ngYTX/mL en las células y 9.5 ngYTX/mL en el medio) (Trabajo I). La 
producción por la cepa CCMP1889 fue algo inferior a la de GG1AM alcanzando 
un valor total entre medio y células de 19.0 ngYTX/mL de cultivo. 
 
(ii) En el caso de L. polyedrum, el principal objetivo fue determinar si este 
dinoflagelado es productor o no de YTX, para ello se cultivaron las cepas 
españolas LP3AA (Mazagón, Huelva), LP4V, LP5V, LP6V (Lorbé, A Coruña), 
LP7V y LP8V (Ría de Ares, A Coruña). De entre ellas sólo se pudo identificar 
claramente la YTX en las cepas LP8V y LP3AA (Trabajo I, tabla 1). LP8V 
produce un total de YTX entre medio y células de 2.8 ng/mL de cultivo, en este 
caso la YTX detectada en las células (0.9 ng/mL) fue inferior a la encontrada en el 
medio (1.9 ng/mL). LP3AA produce un total de YTX de 1.5 ng/mL de cultivo (0.9 
ng/mL en las células y 0.6 ng/mL en el medio de cultivo). La producción por 
ambas cepas es muy inferior a la determinada para cualquiera de las cepas de P. 
reticulatum. Este resultado resultó igualmente muy interesante, ya que es la 
primera vez que se confirma la producción de YTX por cultivos de L. polyedrum. 
En estudios previos no habían podido demostrar su presencia en cultivo (Satake et 
al., 1997c; Draisci et al., 1999a), y las veces que se identificó la YTX fue en 
muestras naturales de arrastre de red en las que el dinoflagelado mayoritario era L. 
polyedrum.  
 
La baja concentración de YTX que hemos encontrado en las células de estos 
cultivos de L. polyedrum podría explicar el que no se identificara anteriormente. La 
presencia de gran cantidad de YTX en moluscos asociados a un bloom de este 
dinoflagelado se podría atribuir a procesos de bioacumulación en el molusco por 
filtración o a la metabolización por el molusco de algún análogo todavía no 
identificado en L. polyedrum (Anexo IV). 
 
Debido a que se obtuvo mucha mayor cantidad de YTX a partir de P. reticulatum 
que de L. polyedrum, se continuó con los estudios de producción de YTX con las 
cepas de P. reticulatum, concretamente con la GG1AM como la más tóxica de las 
estudiadas hasta la fecha. Aunque posteriormente a la publicación del Trabajo I se 
aislaron otras cepas de P. reticulatum (VGO 757, VGO 758 y VGO 764) en Els 
Alfacs, en el Delta Ebro (España), en las que se determinó que la producción de 
YTXs por célula era muy superior a la de la cepa GG1AM (Trabajo V): 285, 278 y 
495 ngYTXs/mL de cultivo para las cepas VGO 757, VGO 758 y VGO 764, 
respectivamente. Por tanto, en futuros trabajos, sería más rentable trabajar con 
alguna de estas nuevas cepas. 
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4.3. Recuperación de YTXs a partir del medio de cultivo de P. reticulatum 
 
Las técnicas cromatográficas para el análisis de YTXs precisan de cantidades 
importantes de toxina purificada, que muchas veces es de difícil adquisición a 
partir de casas comerciales o resulta muy costosa. Para la obtención de éstas 
sustancias puras se puede recurrir a moluscos contaminados naturalmente, pero no 
siempre están disponibles y son matrices complejas que necesitan muchos pasos de 
purificación. También se puede recurrir al aislamiento a partir de las poblaciones 
naturales de los dinoflagelados, pero a menudo se presentan en bajas 
concentraciones y las floraciones son esporádicas. La alternativa más ventajosa es 
el cultivo de las especies productoras, que son matrices mucho mas limpias y 
pueden proporcionar la cantidad de toxina necesaria en el momento que se precise, 
y con este propósito hemos trabajado una buena parte de la presente tesis doctoral. 
 
El cultivo de la cepa GG1AM de P. reticulatum se escaló en condiciones 
controladas hasta un volumen de 100 L, con el fin de generar la cantidad suficiente 
de biomasa a partir de la que extraer YTX (Anexo I). A lo largo del cultivo se hizo 
un seguimiento de la producción de toxinas y se determinó que, además de en las 
células, también en el medio de cultivo hay una cantidad importante de YTX (7 
ng/mL) que no se debería despreciar y, por lo tanto, la recuperación de esta toxina 
ha sido el objetivo de este apartado. Así a los 20 días de cultivo las células y los 
100 L medio se separan por filtración inversa; las células se reservan para otros 
objetivos y se inicia la purificación de la YTX presente en el medio de cultivo: 
 
En una primera aproximación a la concentración de la toxina se ensayaron procesos 
de ultrafiltración (UF) y diafiltración (DF) a través de cartuchos de celulosa 
regenerada (Prep/Scale-TFF 1ft2 PLAC 1K, Millipore), con lo que la YTX se 
concentró en un volumen de medio 30 veces menor, obteniéndose una 
concentración de 37 ng/mL. Este extracto resultante de la ultrafiltración posee un 
alto contenido en sales que pueden producir precipitados, por lo que el siguiente 
paso consistió en su desalinización. Los primeros intentos se hicieron por 
precipitación con disolventes pero los resultados no fueron los esperados, por tanto, 
se recurrió a la cromatografía de gel-permeación (exclusión) probando con 
diferentes columnas (Anexo II, tabla 1). Finalmente, la purificación de la YTX de 
las fracciones recuperadas de las columnas de desalinización se hizo por 
cromatografía en fase reversa a través de columnas C18 (Anexo II, tabla 1). Se 
obtuvieron una serie de fracciones (P1: 0.53 ng/µL, P2: 1.63 ng/µL y P3: 5.39 
ng/µL), que se utilizaron como patrones secundarios en los métodos químicos de 
gran parte de la Tesis y para evaluar su mecanismo de acción mediante estudios de 
citotoxicidad (Anexo II). 
El control de pureza relativo de la YTX se hizo por LC-FLD y LC-MS (Anexo II), 
referido a patrones contrastados adquiridos en el “Institute of Environmental 
Science and Research Limited” (Nueva Zelanda) o donados por M. Satake (Tohoku 
University, Sendai, Japón). 
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Paralelamente a nuestro estudios otros grupos de investigación, empleando resinas 
Diaión (HP-20) y elución con MeOH (Miles et al., 2004a; Samdal et al., 2004b; 
Miles et al., 2005a) tanto a partir de las células como del medio de cultivo, 
obtuvieron unos resultados notables, con lo que la investigación en este sentido se 
detuvo. Cuando fue necesario recurrir a la purificación se utilizaron estos métodos. 
 
De este apartado se concluye que: (i) Se puede obtener YTX a partir de cultivos de 
P. reticulatum evitando tener que esperar a una intoxicación natural de moluscos o 
a la captura de las células de un evento tóxico producido de forma natural. (ii) La 
fracción acuosa es una fuente importante de YTX y, aunque en valor absoluto es 
menor que en la biomasa, conviene tenerla en cuenta. (iii) Los extractos acuosos, 
que son más limpios que los de los moluscos o de las células, implican menos 
pasos de purificación. (iv) Es posible, con los procesos de UF y DF acompañadas 
de una purificación final por cromatografía, obtener buenos rendimientos en la 
recuperación de YTXs. (v) Actualmente se obtienen resultados mucho mejores 
utilizando resinas Diaion (HP-20) (Miles et al., 2005a), si bien cabe esperar que la 
DF seguida de pase por columnas de Diaion dé lugar a un producto más limpio que 
con uno u otro por separado. 
 
 
4.4. Identificación de nuevos derivados de la YTX 
 
Durante el aislamiento y purificación de la YTX a partir de las células de los 
cultivos de 100 L de P. reticulatum (cepa GG1AM), se identificó un nuevo 
derivado de la YTX no descrito hasta la fecha, la glicoyesotoxina-A (G-YTX A). 
La estructura química de este análogo se estudió por RMN y por LC-MS y se 
determinó que es un derivado glicosilado de la YTX con una unidad pentosa 
(arabinofuranosa) unida al carbono C-32 (Trabajo II, Figura 1). Además, 
posteriormente, se descubrió la presencia de pequeñas cantidades del diglicósido y 
del triglicósido en los extractos, tanto de las células como del medio (Trabajo V, 
tabla 3). Recientemente también se han encontrado los derivados glicosilado y 
diglicosilado en extractos de P. reticulatum procedentes de Noruega (Miles et al., 
2006b). 
 
Por otro lado, en el seguimiento de la composición de YTXs de un cultivo de P. 
reticulatum por LC-FLD, se pudo detectar por primera vez la G-YTX A 
derivatizada con DMEQ-TAD (Trabajo II), esto confirma que el grupo dieno 
conjugado de la cadena terminal está libre y que no se ve afectado por la presencia 
de la pentosa en el C-32 de la cadena lateral. Por tanto, aplicando el método de LC-
FLD optimizado en el trabajo I, la G-YTX A aparece como un par de picos que 
cumplen la proporción 3:1 característica de los epímeros C-42 de la YTX, eluye 
2.5 minutos antes que la YTX y se separa perfectamente de esta (Trabajo II, Fig. 
1). 
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La asignación de estos picos como G-YTX A se hizo usando el extracto de G-YTX 
A purificado en el Trabajo III, además, tanto la G-YTX A como el aducto DMEQ-
TAD-G-YTX A, se identificaron por LC-MS y MS/MS (Trabajo II). 
Ambas toxinas, G-YTXA y YTX, se pudieron cuantificar tanto en las células como 
en el medio de cultivo de P. reticulatum y se determinó que la producción de G-
YTXA por las células empieza en la fase exponencial y solo aparece en el medio al 
final del cultivo, cuando ya está en la fase estacionaria (Trabajo III). 
 
De estos dos trabajos se concluye que la G-YTX A es producida por P. reticulatum 
y que aparece en distinta proporción entre las células y el medio dependiendo de la 
fase de cultivo. La G-YTX A se puede detectar y cuantificar por LC-FLD, un 
método químico más común y asequible que el LC-MS. La detección de la G-YTX 
A, de forma rutinaria en el cultivo de P. reticulatum, es un pequeño reflejo del 
complejo perfil de toxinas que puede presentar este dinoflagelado. 
 
 
4.5. Efecto de distintos factores en el crecimiento de P. reticulatum 
 
En los últimos años ha incrementado considerablemente el número de trabajos 
enfocados al estudio de las YTXs, la mayoría de ellos dirigidos a la identificación 
de análogos y purificación, pero continúan siendo escasos aquellos enfocados a 
estudiar el efecto de distintos factores en el crecimiento del cultivo de P. 
reticulatum, muy importantes para conseguir las condiciones idóneas y poder 
maximizar la producción de estas YTXs. 
 
Con el fin de optimizar las condiciones de cultivo de la cepa de P. reticulatum 
GG1AM, se desarrollaron una serie de planes factoriales en los que se evaluó, de 
forma conjunta, el efecto de la irradiancia, agitación, niveles de fosfatos, 
temperatura y salinidad en el crecimiento del dinoflagelado y en la consecuente 
producción de YTXs (Trabajo IV). Los planes experimentales fueron diseños 
ortogonales de primer orden completos, con réplicas cuádruples en el centro del 
dominio experimental. Estos planes factoriales dieron lugar a una serie de 
ecuaciones matemáticas las cuales, una vez introducidas las condiciones de cultivo, 
permiten estimar cual es, o cual va a ser, su influencia en la producción total de 
YTX. Para evaluar el efecto de las distintas condiciones se plantearon tres diseños 
factoriales, desarrollados en tres experimentos diferentes: 
 
(i) En el primer experimento se estudió el efecto de tres variables independientes: 
irradiancia (I), agitación (A) y niveles iniciales de PO4
-3 (P). Como resultado se 
encontró que la variable más relevante fue la irradiancia con un efecto positivo, y 
una pequeña contribución positiva de las interacciones AP y AIP. 
 
(ii) En el segundo experimento se evaluó el efecto de dos variables 
independientes: la irradiancia (I), como principal variable significante del 
__________________________________________________Discusión de los Resultados 
 47 
experimento 1, y de la temperatura (T), como variable independiente adicional. 
Nuevamente se vio un marcado efecto positivo por parte de la irradiancia y una 
influencia positiva muy pequeña de la temperatura.  
 
De estos dos primeros planes factoriales se concluyó que la principal variable que 
afecta al cultivo es la irradiancia en el rango 25-165 µmol fotones m-2 m-1, con un 
efecto lineal positivo. El resto de los factores: agitación entre 0-80 rpm, 
concentración inicial de fosfatos en el rango de 7-35 µmol PO4
-3 y temperatura 
entre 15-23 ºC tuvieron una ligera influencia en la producción total de YTX por P. 
reticulatum (Trabajo IV, punto 2.2.). Los someros efectos individuales de estos 
factores fueron: a) la agitación es positiva en cultivos con niveles óptimos de 
fosfatos pero negativa en cultivos deficiente en fosfatos, b) además, en cultivos con 
agitación la concentración de YTX presente en el medio de cultivo es mayor que la 
encontrada en aquellos sin agitación, c) en el caso de los fosfatos, una vez estos se 
han consumido por completo, el cultivo deja de crecer pero la producción de YTX 
continúa y los cultivos, que además tienen agitación, se mueren, c) la temperatura 
muestra un efecto positivo muy pequeño en la producción de YTX. 
En estos dos primeros experimentos el rango de irradiancia seleccionado fue 
demasiado amplio, debido a ello, a valores bajos de irradiancia los cultivos 
crecieron muy mal y a valores altos se disparó su crecimiento. La influencia de la 
irradiancia fue tan importante que su efecto se solapó sobre el del resto de las 
variables y estas, prácticamente, no pudieron ser evaluadas. Por lo tanto, estos dos 
experimentos nos sirvieron como estudios preliminares para elaborar un tercer 
diseño factorial en el que sí se pudieron evaluar otros factores acortando el rango 
de luz (Trabajo IV). 
 
(iii) En el tercer experimento, además de estrecharse el rango de irradiancia a 50-
90 µmol fotones m-2 m-1, se evaluó nuevamente el efecto de la temperatura y se 
introdujo la salinidad como nueva variable independiente. Con este diseño 
experimental se reitera, que el principal factor que afecta al crecimiento y 
producción de YTX por P reticulatum es la irradiancia. Pero además en ciertos 
casos se pudo comprobar el efecto positivo de la temperatura entre 15 y 23 ºC y el 
efecto negativo de la salinidad en el rango 20-34 (Trabajo IV). 
 
De forma global de estos tres diseños factoriales se concluye que, dentro de los 
rangos estudiados, el factor más importante a tener en cuenta en la puesta en 
marcha de un cultivo de P. reticulatum es la irradiancia. La agitación, niveles de 
fosfatos, temperatura y salinidad, por orden de importancia, van a tener una 
pequeña repercusión. 
 
Se muestra así la utilidad del análisis factorial como herramienta para determinar 
las condiciones óptimas y evaluar su efecto en el crecimiento y producción de 
YTXs por P. reticulatum. En futuros experimentos podría ser interesante realizar 
ensayos de cultivos en los que se van reincorporando nutrientes durante la curva de 
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crecimiento, cuando lo que queremos es tener un buen rendimiento del cultivo en la 
producción de YTX. 
 
Por otro lado, se ha visto que las condiciones de cultivo también tienen influencia 
en la proporción de YTX presente en el medio o en las células en cada momento 
del cultivo. Generalmente en las primeras etapas del cultivo la mayor parte de la 
YTX se encuentra dentro de las células pero, en determinadas condiciones como 
son agitación o reducción de la cantidad de fosfatos en el medio, a medida que 
avanza el cultivo se ve favorecida la presencia de toxina en el medio de cultivo. 
Esto se puede justificar como una liberación pasiva por ruptura de las células 
debida a la acción mecánica de la agitación o debilitación de las células por la 
escasez de fosfatos. También la manipulación del cultivo una vez muestreado 
puede provocar la ruptura de las células ya debilitadas. Esto va a tener mucha 
importancia en los estudios en los que sólo se determina la toxina en las células ya 
que en las etapas finales del cultivo y, como se ha visto en el apartado 4.3. de la 
presente tesis, se va a perder mucha toxina disuelta en el medio. 
 
En estudios previos, desarrollados de manera totalmente empírica, hemos podido 
comprobar que la aireación es un factor muy importante en el crecimiento de este 
dinoflagelado, consiguiéndose rendimientos óptimos. Debido a limitaciones 
técnicas, que imposibilitaron el control preciso de la aireación, no se pudo llevar a 
cabo el diseño experimental con el que valorar de forma precisa la influencia de la 
aireación mediante un análisis factorial. 
Por supuesto, en el escalado del cultivo, aunque el efecto de la luz es muy 
importante, también la aireación, la agitación e, incluso, una buena implementación 
del CO2 resultan cruciales para el correcto crecimiento del cultivo, ya que 
normalmente, a medida que se aumenta el volumen, la superficie de intercambio de 
CO2 se ve reducida por la disminución de la relación superficie/volumen. 
 
 
4.6. Determinación del perfil de toxinas de P. reticulatum 
 
Debido a que en la bibliografía se encuentran diferentes perfiles de toxinas, tanto 
en lo que se refiere a tipos de toxinas como a cantidades producidas (Trabajo V, 
Tabla 2)  (Stobo et al., 2003; Samdal et al., 2004b; Eiki et al., 2005), el siguiente 
objetivo de esta tesis fue determinar si esta variabilidad en la producción de toxinas 
es debida a la cepa o a las diferentes condiciones de cultivo y métodos de 
extracción utilizados. Para ello se cultivaron, en las mismas condiciones, siete 
cepas de P. reticulatum procedentes de España y América del Norte y se determinó 
su perfil y producción YTXs (TrabajoV). 
 
Se confirmó la producción de YTXs por las cuatro cepas españolas estudiadas 
(VGO757, VGO758, VGO764 y GG1AM), pero en ninguna de las tres cepas 
americanas (CCMP1720, CCMP1721 y CCMP404) se encontró YTX o alguno de 
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sus análogos. Entre las cepas en las que se detectaron YTXs, la producción varió 
entre 2.9 y 28.6 pg/célula. Los perfiles de YTXs de estas cepas fueron los 
siguientes: 
 
(i) En las tres cepas españolas VGO757, VGO758 y GG1AM la YTX es la 
principal toxina, pero también produce: noroxoYTX-enona, 32-O-
monoglicosilYTX, 32-O-diglicosilYTX, 44,55-diOH-41a-homoYTX, homoYTX, 
dos análogos desconocidos de la YTX  y posiblemente trazas de otros análogos de 
la YTX (Trabajo V, Tabla 3- 4). 
 
(ii) La otra cepa española, VGO764, produce como principal toxina la 1a-
homoYTX, junto con noroxohomoYTX-enona, 32-O-triglicosilhomoYTX, 32-O-
diglicosilhomoYTX, 32-O-monoglicosilhomoYTX, 44,55-diOH-9-Me-41a-
homoYTX y tres análogos desconocidos de las homoYTX y posiblemente otros 
análogos de la homoYTX (Trabajo V, Tabla 3- 4). 
 
Lo más destacable de los perfiles de toxinas de estas cuatro cepas es que una de 
ellas produce mayoritariamente homoYTX y no la YTX demostrándose que, al 
contrario de lo que se creía hasta ahora, la YTX no siempre es la principal toxina 
producida por el dinoflagelado P. reticulatum. También se encontraron diferencias 
en los porcentajes de los distintos análogos entre las distintas cepas y entre medio 
de cultivo y células (Trabajo V, Tabla 3- 4). 
 
Como conclusión, en este trabajo se demuestra que las diferencias encontradas en 
perfil de YTXs en cuanto a cantidades y tipos de toxinas producidas, son debidas a 
la propia cepa de P. reticulatum, lo que hacer pensar que puedan ser especies 
diferentes, en este sentido ya se han iniciado los correspondientes análisis genéticos 
por un laboratorio Noruego, y parecen confirmar esta hipótesis, pero todavía no 
hay datos definitivos. 
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5. APLICACIONES 
 
La YTX aislada y purificada del medio de cultivo de P. reticulatum, además de 
utilizarse en la tesis para análisis cromatográficos también se utilizó como estándar 
analítico en el estudio del mecanismo de acción de las YTXs mediante ensayos de 
citotoxicidad (Anexo III). Se determinó que la YTX tienen una potente acción 
neurotóxica en neuronas cerebelares de rata, afectando inicialmente a la 
comunicación neuronal, con posterior degeneración de las neuronas y finalmente 
muerte celular apoptótica. En concordancia con otros estudios (De la Rosa et al., 
2001) en el mecanismo de acción parece que están implicados los canales de Ca+2, 
que inducen la entrada de Ca+2 al interior celular. Este es el primer estudio en el 
que se demuestra que la YTX reduce la supervivencia de las neuronas del sistema 
nervioso central (SNC). 
 
Los métodos de extracción y determinación de YTXs por cromatografía líquida se 
aplicaron para analizar YTXs en mejillones y células de arrastre de red en un 
bloom natural de L. polyedrum. Se determinó, por primera vez, la presencia de 
YTX en mejillones de las Rías Gallegas acompañando al ácido okadaico. En el 
análisis microscópico del arrastre de red se determinó la presencia de L. polyedrum 
y ausencia de P. reticulatum, además por LC-MS se confirmó la presencia de YTX 
y trazas de homo-YTX en las células del arrastre de red, aunque en pequeña 
cantidad (Anexo IV). 
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6. CONCLUSIONES 
 
1.- El método de extracción, purificación y cuantificación de YTX de cultivos de 
dinoflagelados por LC-FLD previa derivatización con DMEQ-TAD es un método 
útil, rápido, económico y que permite la determinación y cuantificación de YTX y 
los análogos con un grupo dieno en la cadena lateral, pero para la identificación de 
los análogos hay que recurrir al LC-MS y/o al LC-MS/MS. 
 
2.- Se demuestra, por primera vez, la producción de YTX por cultivos de L. 
poliedrum, aunque en muy bajas concentraciones y no por todas las cepas de L. 
poliedrum, quizás por ello no se había demostrado hasta ahora su producción en 
cultivo. 
 
3.- Se confirma que la cantidad de YTXs producida por las distintas cepas de P. 
reticulatum es diferente y que no todas las cepas son productoras de YTXs. 
También el perfil de toxinas varía entre las diferentes cepas y, aunque hasta ahora 
se creía que la YTX siempre era la mayoritaria, se demostró que la homoYTX es la 
toxina mayoritaria en una de las cepas aisladas del Delta del Ebro. 
 
4.- Se pueden obtener grandes biomasas a partir del cultivo de estas microalgas, 
para la posterior purificación y aislamiento de toxinas tanto de las células como del 
medio de cultivo, para su uso en estudios toxicológicos, como de estándar a nivel 
analítico y para determinar el perfil de toxinas de la cepa. 
 
5.- Se identificaron nuevos análogos de la YTX, las G-YTXs, que se suman al 
gran número de análogos descubiertos recientemente. 
 
6.- La variación de las condiciones de cultivo es importante en el crecimiento del 
cultivo y la concentración de total YTX producida por P. reticulatum. Se determina 
que el factor con más influencia en tal producción es la irradiancia, y que la 
temperatura, la salinidad el nivel inicial de fosfatos y la agitación resultan poco 
relevantes. 
 
7.- La producción de YTX varía a lo largo del cultivo estando presente tanto en 
células como disuelta en el medio de cultivo, es importante por lo tanto recuperar 
la toxina tanto del medio como de las células. 
 
8.- Se determina que la YTX tienen una potente acción neurotóxica en neuronas 
del sistema nervioso central (SNC) de rata. 
 
9.- Se confirma por primera vez de presencia de YTX en mejillones de las Rías 
Gallegas y asociada al dinoflagelado L. polyedrum. 
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7. TRABAJO FUTURO 
 
1.- Aunque se han purificado e identificado varios análogos de la YTX sería 
necesario concluir la fase de purificación de algunas de las YTXs tanto en el medio 
de cultivo como en las células para que puedan ser utilizados como auténticos 
patrones. Actualmente existen nuevas técnicas de purificación que utilizan resinas 
Diaion (HP20) y que son muy eficaces para la YTX, estas técnicas unidas a los 
procesos de UF optimizados en esta tesis (Anexo II) podrían dar muy buenos 
resultados. 
 
2.- Debido al gran número de análogos de YTX y sobre todo homoYTX 
encontrados en las cepas nuevas estudiadas, sería de gran interés conseguir cultivar 
estas cepas en fotobioreactores controlados para obtener mayores rendimientos de 
toxinas que permitan aislamiento, purificación e identificación completa por RMN 
de los análogos detectados por primera vez en esta tesis. 
 
3.- Determinación de la toxicidad y modo de acción de las toxinas previamente 
aisladas, YTXs ya conocidas y sobre todo de las aisladas por primera vez. 
 
4.- Estudios de la ruta biosintética de las YTXs, en este sentido ya se han hecho 
los cultivos en colaboración con el Instituto Universitario de Bioorgánica de 
Tenerife (IUBO) y se ha cuantificado la toxina producida por ellos, ahora falta 
determinar cual fue la ruta de biosíntesis por el dinoflagelado en cultivo. 
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Production and release of yessotoxins by the dinoflagellates
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Abstract
The presence of YTX was confirmed in Protoceratium reticulatum cultures and detected for the first time in Lingulodinium
polyedrum cultures, mainly in the cells but also, to a lesser extent, dissolved in the culture medium. The production of
yessotoxins (YTXs) by cultures of different strains of P. reticulatum and L. polyedrum was studied with liquid chromatography
coupled to fluorometric detection using the dienophile reagent DMEQ-TAD and liquid chromatography–mass spectrometry.
When comparing toxin production at different stages of culture growth, larger amounts of toxins were observed in the cellular
fraction and in the culture medium at the last stage of the culture (day 21) in both species. Although YTX was detected in culture
medium, with this study it was not possible to explain which is the release mechanism of the toxin in the medium.
q 2004 Elsevier Ltd. All rights reserved.
Keywords: Cultures of Protoceratium reticulatum; Lingulodinium polyedrum; yessotoxins; Liquid chromatography coupled to fluorometric
detection; LC–MS
1. Introduction
Human health and the shellfish industries are seriously
affected by toxins produced by microalgae. Among these,
YTXs, which are structurally disulfated polyethers, had
been included traditionally within the Diarrhetic Shellfish
Poisoning (DSP) group of toxins. However, it has been
proposed that YTXs should be excluded from the DSP group
since they do not lead to diarrhea and does not inhibit
protein phosphatases (Ogino et al., 1997), in this sense the
European Authorities consider that YTXs are no longer part
of the DSP toxin complex (CEE, 2002).
Myocardiac lesions have been described in mouse when
YTXs are ingested in considerable amounts (Terao et al.,
1990) and, after intraperitoneal injection, they generate
histopathological changes in murine heart muscle, liver and
pancreas (Ogino et al., 1997; Aune et al., 2002).
The precise mechanism of action is still unknown, but
evidence suggests that YTXs produce two different effects
on calcium homeostasis of human lymphocytes: an increase
in calcium influx through nifedipine and SKF 96365
sensitive Ca2þ-channels and an inhibition of capacitative
calcium entry activated either by Ca2þ-ATPase inhibitor
thapsigargin or by preincubation in a Ca2þ-free medium
(De la Rosa et al., 2001).
YTX was first isolated from the digestive glands of the
scallop Patinopecten yessoensis collected in Mutsu Bay,
Japan in 1986 (Murata et al., 1987) and subsequently
detected in greenshell mussels (Perna canaliculus) and in a
plankton net-haul of Marlborough Sounds, New Zealand in
1996 during a bloom of Protoceratium reticulatum
(Clapare`de et Lachmann) Bu¨tschli ( ¼ Gonyaulax grindleyi
Reinecke). The production of YTX by this organism was
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confirmed in cultured cells by Satake et al. (1997). The
production of YTX or derivatives by cultures of
P. reticulatum was later also observed in a strain collected
in Japan (Satake et al., 1999) and from the Adriatic
Sea (Boni et al., 2001). HomoYTX was detected in mussels
(Mytilus galloprovincialis) in the Adriatic Sea during
a bloom of Lingulodinium polyedrum (Stein) Dodge
( ¼ Gonyaulax polyedra Stein) in which this species
represented 99% of the total number of dinoflagellates.
The presence of homoYTX/YTX in the phytoplankton was
also confirmed by HPLC analysis in filtrates of net hauls
(Tubaro et al., 1998; Draisci et al., 1999). Nevertheless,
when cultures of L. polyedrum were studied, the production
of YTX or any of their derivatives was not proved (Boni
et al., 2001). The present study confirms the production of
YTX by different strains of P. reticulatum from America
(Friday Harbor, WA, USA) and Europe (La Atunara, Ca´diz,
Spain), and also shows its production by L. polyedrum
(Mazago´n, Huelva and Rı´a de Ares, A Corun˜a, Spain) in
culture, without ruling out the possibility that this organism
may also produce homoYTX or YTX derivatives.
2. Materials and methods
2.1. Cultures
The strains of P. reticulatum and L. polyedrum used in
this study were obtained from the collection of phytoplank-
ton cultures at the Centro Oceanogra´fico in Vigo. For the
taxonomic identification of the strains, cells were fixed with
formaldehyde and stained with calcofluor white (Fluor-
escent Brightner 28, SIGMA) for observation of the plate
pattern (Fritz and Triemer, 1985) using a Leica DMLA
epifluorescence microscope. Table 1 shows, for each
species, the strain code and sample location. All strains
have been analysed but only the two more toxic strains of
each species were used for experiments on toxin production.
Cultures initiated with 500 cells/ml were grown in
1000 ml borosilicate glass bottles with 800 ml L1 medium
without silicates (Guillard and Hargraves, 1993), at a
salinity of 34 psu, at 17 ^ 1 8C under a 12:12 h light:
darkness cycle with light of 100–150 mmol photons/m2 s
(PAR). For growth measurements, 5 ml samples were
collected every 4 days and fixed with Lugol’s solution.
Cell counts were made for each sample with Sedgewick-
Rafter counting slides.
In order to determine cell volumes, assuming a spherical
shape, each strain was fixed with Lugol’s solution at
different stages of growth curve, days 6, 14 and 21, and
measurements of the diameter of 30 cells for each sampling
day were made using the Image Pro-Plus 4.0 program
(Media Cybernetics).
2.2. Extraction of toxins
For toxin analyses, 45 ml aliquots of each culture were
harvested every 4 days and extracted following a modifi-
cation of Yasumoto and Takizawa’s method (Yasumoto and
Takizawa, 1997). Cultures were filtered using 1.4 mm GF/C
glass fiber filters of 25 mm diameter and both cells and
culture water were collected for toxin analysis as follows.
Filters with cells were re-suspended in 2 ml of MeOH,
and sonicated. After centrifuging for 10 min at 3000 rpm
and 10 8C, the supernatant was taken and the filter washed
once with 1 ml of MeOH. The supernatants were combined
and made up to 4 ml MeOH extract. A 0.5 ml aliquot of the
MeOH extract was mixed with 1 ml of 0.5 M ammonium
acetate at pH 5.8 and loaded onto a sep-pak C18 cartridge,
the extract was washed with 4 ml of MeOH:H2O (2:8) and
YTX was eluted with 4 ml of MeOH:H2O (7:3). The eluant
was then dried under a N2 stream and derivatized.
The 45 ml culture water, obtained after filtering, was
extracted in solid phase (SPE) on a sep-pak C18 cartridge
(Waters, USA) and eluted with 2 ml of MeOH. The extract
was dried under a N2 stream and derivatized.
The derivatization reaction was performed with 50 ml of
(DMEQ-TAD) 4-(2-(6,7-dimethoxy-4-methyl-3-oxo-3,
4-dihydroquinoxalimylethyl)-1,2,4-triazoline-3,5-dione)
purchased from Wako Pure Chemical Industries (Osaka)
used as 0.1% solution in CH2Cl2. The reaction mixture was
kept in the dark for 2 h and quenched with 50 ml of MeOH.
The solvent was dried under an N2 stream, re-suspended in
0.5 ml of MeOH and injected into the HPLC system. Peak
identification was confirmed by liquid chromatography–
mass spectrometry (LC–MS).
Table 1
List of strains used and relative toxicity
Species Strain Sample location Relative toxin presence
Protoceratium reticulatum GG1AM La Atunara (Ca´diz, Spain) þþþþ
Protoceratium reticulatum CCMP1889 Friday Harbor (WA, USA) þþþþ
Protoceratium reticulatum CCMP404 Salton Sea (CA, USA) þþ
Protoceratium reticulatum CCMP1720 Biscayne Bay (FL, USA) þþ
Protoceratium reticulatum CCMP1721 Biscayne Bay (FL, USA) þþ
Lingulodinium polyedrum LP3AA Mazago´n (Huelva, Spain) þ
Lingulodinium polyedrum LP8V Ria de Ares (Corun˜a, Spain) þ
B. Paz et al. / Toxicon 44 (2004) 251–258252
2.3. HPLC–MS
The LC system consisted of two Waters 510 pumps, a
Jasco FP-920 fluorescence detector and a Waters 717 plus
autosampler. The separation column was a Lichrospher 100
RP18 5 mm (4.6 £ 125 mm2) cartridge. For analysis of
YTX, a mobile phase of 100 mM ammonium acetate
(pH 5.8) and MeOH (3:7) was used. The flow rate was
0.75 ml/min, the column temperature was 35 8C and the
excitation and emission wavelengths were 370 and 440 nm,
respectively (Yasumoto and Takizawa, 1997). The analysis
was calibrated using a YTX standard solution provided by
Professor M. Satake (Tohoku University, Sendai, Japan).
For HPLC–MS analysis, a mobile phase of 20 mM
ammonium acetate (pH 5.8) and MeOH (3:7) was used. The
flow rate was 0.20 ml/min and injection volume 10 ml. Mass
spectrometric measurements were performed using an ion
trap mass spectrometer, Thermo Finnigan LCQ-Advantage,
equipped with an electrospray ionization (ESI) negative
interface. ESI was performed by a 4.5 kV spray voltage and
120 8C capillary temperature, flow 60 ml/min for sheath gas
and 20 ml/min for auxiliary gas. Full scan data were
acquired from m/z 500 to 1500, in negative ion mode, and
selected ion monitoring (SIM) for YTX was performed on
ion m/z 1141 [M 2 2Na þ H]2 and m/z 1163 [M 2 Na]2
(Draisci et al., 1999; Ciminiello et al., 2002, 2003).
3. Results
The morphology of the strains of L. polyedrum fits into the
description of the recognized species. The strains of
P. reticulatum turn selected for the study were strains
GG1AM and CCMP 1889. The strain GG1AM showed
different size, being smaller (21 mm). The other strains used in
this study, had the average in size (above 30 mm) reported in
the literature. However, the plate pattern of this strain matches
the observations of Hansen et al. (1996/97) and references
therein (Fig. 1). The average cellular volume determined for
each culture was: for L. polyedrum, LP8V 37 £ 103 ^
10 £ 103 mm3, LP3AA 32 £ 103 ^ 8 £ 103 mm3, and for
P. reticulatum, CCMP1889 22 £ 103 ^ 6 £ 103 mm3 and
GG1AM 12 £ 103 ^ 3 £ 103 mm3.
The LC–MS analysis revealed the presence of YTX
in samples of L. polyedrum and P. reticulatum. For
example, extracted ions chromatograms for m/z 1141
[M 2 2Na þ H]2 showed a peak at 9.8 min in the cellular
fraction of L. polyedrum LP8V and P. reticulatum GG1AM.
Intensity of the YTX peak in LP8V was lower than in
GG1AM. Therefore, in order to confirm the presence of
YTX in LP8V the samples were monitored by SIM of m/z
1141 [M 2 2Na þ H]2 and m/z 1163 [M 2 Na]2 ions and
both ions were present (Fig. 2).
Following the modified method of determination by
liquid chromatography coupled to fluorometric detection,
YTX was identified as a couple of peaks appearing at 17 min
of chromatographic elution. Fig. 3 shows the chromato-
grams of several of the samples derivatized with DMEQ-
TAD and detected fluorometrically. Similar results were
found for the other strains. As expected, the area of the two
peaks of YTX in the P. reticulatum strain fulfills the 3:2
relationship, which is a pattern characteristic of YTX, both
in the cellular fraction and in the medium fraction. Also for
L. polyedrum both the culture medium and the cellular
fraction fulfilled this relationship, although the toxin content
was lower.
The cultures reached different numbers of cells at 21
days, at which point some were at the end of the exponential
phase while others were at the beginning of the stationary
phase, with 3000 cells/ml (LP8V and LP3AA) for
L. polyedrum, 5000 cells/ml (CCMP1889) and 6000 cells/ml
Fig. 1. Fluorescence microscopy of Calcofluor stained material of strain GG1AM of Protoceratium reticulatum. (a) Ventral view, (b) apical
plates, (c) same picture as b with an outline of the plates for an easy recognition showing the suture between 20 and 30 (arrow) without connection
between Po and a.
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(GG1AM) for P. reticulatum (Fig. 4). The culture of LP3AA
(no longer available) was lost on reaching day 14, and for
this reason results are not shown from this day onward.
YTX was observed to be present in the different phases
of the culture, both in the medium and in the cells, although
the highest values were found at the end of the experiments,
except for the CCMP1889 cellular fraction where the
highest values were reached at days 10–14, followed by a
slight decrease. The strain LP3AA extracts, for which there
were only two sampling days, YTX levels were constant.
As shown in Fig. 4, levels of YTX at the end of the
experiment, in cultures of P. reticulatum were in the cellular
fraction 16.1 ng YTX/ml and in the medium 9.5 ng YTX/ml
for strain GG1AM and for strain CCMP1889 values were in
the cellular fraction 10.7 ng YTX/ml and in the medium
8.3 ng YTX/ml. For L. polyedrum, the toxin yield of strain
LP8V at 21 days was in the cellular fraction 0.9 ng YTX/ml
and in the medium 1.9 ng YTX/ml and for strain LP3AA at
14 days toxin yield was in the cellular fraction 0.9 ng
YTX/ml and in the medium 0.6 ng YTX/ml.
In an attempt to evaluate the possible release of toxin from
cells of P. reticulatum to the medium, percentages of YTX
concentration in the medium fraction were expressed in
relation to the total YTX content (medium and cellular
fractions) for strains GG1AM and CCMP1889 (Table 2). The
percentage of YTX in the medium fraction of L. polyedrum
(LP3AA and LP8V) strains were not calculated due to the
small amounts of YTX found in these strains.
Fig. 2. LC–MS extracted ion chromatograms and associated spectra in negative ion mode of (a) YTX standard (YTX m/z 1142.2), (b) YTX in
the cellular fraction of GG1AM, (c) YTX in the cellular fraction of LP8V and (c1) SIM of m/z 1141 [M 2 2Na þ H]2 and m/z 1163 [M 2 Na]2
ions of the cellular fraction of LP8V.
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4. Discussion
The methods of extraction and purification of samples in
our study have been modified in order (i) to reduce the
number of steps in relation to previous methodologies, (ii) to
improve the chromatographic separation of the derivatized
yessotoxins using widely available and therefore cheaper
columns and (iii) to eliminate the use of phosphate buffers.
The eluent is practically the same for the fluorometric
detection and for the MS detection in underivatized and
derivatized samples.
The production of YTX in culture was confirmed in
different strains of P. reticulatum and, for the first time, we
present evidence for the production of YTX in L. polyedrum
Fig. 2 (continued )
B. Paz et al. / Toxicon 44 (2004) 251–258 255
cultures although about 10 times less than in the two
cultured strains of P. reticulatum (Fig. 4). This low toxin
concentration may explain why in previous studies it has not
been possible to confirm the presence of YTX in
L. polyedrum cultures (Draisci et al., 1999; Boni et al.,
2001), despite their detection in natural samples where
L. polyedrum was present (Tubaro et al., 1998).
The loss of LP3AA culture might be due to the fact that
all the cultures were grown in the same conditions, and each
batch culture differs according to the species and different
factors may affect growth, nutrient and light availability.
During culture growth, there was a progressive increase
in toxins in the cellular fraction and the presence of toxins
in the medium was quite large for the two strains of
P. reticulatum. Meanwhile, in strains of L. polyedrum, YTX
production was not significant.
The highest values of YTX/cell found for strain
GG1AM can be explained by the fact that small-sized
dinoflagellates cells generally divide at a faster rate than
larger-sized, with up to a 40% increase in division rate,
the reduced size of these cells may also enhance photon,
capture and nutrient uptake efficiency (Raven, 1986;
Kirk, 1994). Despite this small difference in quantity, the
percentage of YTX concentration in the medium fraction
for both strains GG1AM and CCMP1889 present a
similar pattern with a slight increase along the growth
curve. This shows that either there is an increase in cell
division during the growth rate which leads to a higher
YTX production and in to a subsequent release of toxins
to the medium or that it is cell breakage that basically
enriches the medium with YTX, especially at the end of
the culture.
Fig. 3. HPLC chromatograms of (a) YTX standard (4.8 ng), (b) YTX in culture medium of GG1AM (0.666 ng), (c) YTX in the cellular fraction
of GG1AM (0.075 ng) for P. reticulatum and (d) YTX in culture medium of LP8V (0.128 ng), (e) YTX in the cellular fraction of LP8V
(0.011 ng) for L. polyedrum.
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The presence of YTXs in culture medium had not been
reported before but was revealed in other organisms such as
Prorocentrum lima which, in the exponential growth phase,
releases OA into the growth medium (Rausch de Trauben-
berg and Morlaix, 1995; Pan et al., 1999), and can be used as
a model to explain the performance of L. polyedrum or
P. reticulatum. Although the YTXs were found in medium
and cells, in order to know under which conditions cells
release toxins in the sea water, it would be necessary to carry
out more experiments.
The small amounts of YTX produced by L. polyedrum,
both in the medium and the cellular fraction, can be related
with the small number of cells reached by this strain along
the growth curve. This could be due to the fact that the
experimental conditions were not optimal for cell division
nor physiological responses leading to toxin production, or
why strains release bioactive compounds into the growth
medium causing cell lysis and death affecting the cell
population along the growth curve. Since for this species,
our cultures did not present an optimal behaviour, the
analysis of the evolution of toxin production and toxin
release to the medium by this species was not pursued.
The high absolute values of YTX in cultures of
P. reticulatum strains may enable these cultures to isolate
and purify YTX both from cells and from the culture
medium, aspects which are currently under study.
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The dinoflagellate Protoceratium reticulatum produces toxins of the yessotoxin group currently included
in the diarrhetic shellfish poisoning class. In this paper we report on the isolation and structural elucidation
of a 32-arabinoside of yessotoxin, G-YTXA (2), obtained from laboratory cultures of P. reticulatum (strain
GG1AM) that possesses a pentose unit, â-arabinofuranose, as a side chain.
Marine toxins present a variety and structural complex-
ity unique in nature. In addition, these toxins possess a
diversity of pharmacological actions that has made them
an important tool for biomedical research. Consequently,
the isolation and identification of new toxins, as well as
understanding their mode of action, are of great interest
to pharmacology, economics, and public health.1-4
Yessotoxins (YTXs) are one of the most recently identi-
fied groups of marine toxins. YTX (1) is a trans-fused
polyether with an unsaturated side chain and two sulfate
esters. It was initially isolated from the digestive glands
of diarrhetic shellfish poisoning-infested scallops, Pati-
nopecten yessoensis, but it actually originates from di-
noflagellates of the genera Protoceratium and Gonyaulax.5-7
Recently, YTX and related compounds have been detected
in contaminated mollusks collected at the coasts of Japan,
Italy, Norway, New Zealand, and Chile. Until now, the
yessotoxin congeners reported within the YTX or homo-
YTX series were metabolites derived by oxidation of the
C-41-C-47 side chain or changes in the sulfate units of
yessotoxin (1). Toxicological evaluation of YTX adminis-
tered to mice showed that it is equally toxic when injected
intraperitoneally as those algal toxins causing diarrhea.
However, it is not diarrheagenic, because its activity is as
much as 10-fold lower when administered orally compared
with intraperitoneal injection. Ultrastructural studies
revealed swelling of heart muscle cells leading to separa-
tion of the organelles.8 Recent studies show that YTX is a
powerful compound that opens the permeability transition
pore of the inner mitochondrial membrane of rat mitochon-
dria at nanomolar concentrations and causes the selective
disruption of the E-cadherin-catenin system in epithelial
cells. This finding raises some concern that an algal toxin
found in seafood might disrupt the tumor-suppressive
functions of E-cadherin.9,10
In this report, we describe the isolation and structural
determination of a new type of analogue of YTX (1),
G-YTXA (2), which possesses a carbohydrate side chain
attached at carbon C-32.
The harvested cells of the dinoflagellate Protoceratium
reticulatum were extracted with acetone. The combined
extracts were subjected to gel filtration on Sephadex LH
20 (CHCl3-MeOH-n-hexane 1:1:2) followed by C18 column
chromatography (MeOH-H2O, 17:3) and finally í-Bonda-
pak C18 HPLC purification with a gradient solvent system
[(a) CH3CN-H2O-AcOH, 50:50:0.1; (b) CH3CN-AcOH,
100:0.1] to yield YTX (1) (0.59 mg) and G-YTXA (2) (2.90
mg).
G-YTXA (2) has the molecular formula C60H88O25Na2S2,
as revealed by negative pseudomolecular ions by ESIMS
at m/z 1295 [M - Na]- and 636 [M - 2Na]2- in the negative
ion mode. NMR spectral data for compound 2, G-YTXA,
showed a considerable analogy with those for YTX, as
indicated by the characteristic proton chemical shift of H-1
at äH 4.18. A detailed analysis of 1H-1H COSY, TOCSY,
and HSQC experiments for compound 2 established the
following partial structures: C-1fC-2, C-4fC-18, C-20fC-
22, C-24fC-32, C-34fC-38, C-42fC-43, and C-45fC-47
(Figure 1). HMBC correlations showed the connections
between the different fragments that started in the qua-
ternary carbons. Therefore, C-3 (äC 76.5) showed connec-
tivities with protons H2-2 (äH 2.18 and 1.91), H-4 (äH 4.19),
* To whom correspondence should be addressed. Tel: +34 922 318586.
Fax: +34 922 318571. E-mail: mnorte@ull.es.
† Instituto Universitario de Bio-Ora´gnica “Antonio Gonza´lez”.
§ Instituto de Investigaciones Marinas.
Figure 1. Bold lines show the partial structures obtained from COSY
and TOCSY experiments, which were connected by quaternary carbon
HMBC correlations. The relative stereochemistry between the sugar
and aglycone is proposed but not shown by experimental data.
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and the angular methyl H3-48 (äH 1.26). The C-19 reso-
nance (äC 78.6) showed correlations with H2-18 (äH 1.78),
H-20 (äH 3.44), and methyl group H3-49 (äH 1.24), while
C-23 (äC 77.0) was correlated with H-22 (äH 3.44), H2-24
(äH 1.74 and 1.48), and methyl group H3-50 (äH 1.14). In
turn, C-33 (äC 76.8) showed correlations with H-32 (äH
4.18), H-34 (äH 3.90), and methyl group H3-52 (äH 1.22),
and C-39 (äC 143.4) was correlated with H2-38 (äH 2.64 and
2.40), the olefinic methylene H2-53 (äH 5.01 and 4.75), and
the methine H-40 (äH 3.85). Finally, C-41 (äC 78.6) was
correlated with the above-mentioned H-40, the vinylic
proton H-42 (äH 5.80), and the methyl group H3-54 (äH
1.36), and C-44 (äC 146.2) was correlated with the proton
H-43 (äH 6.27), the allylic methylene H2-45 (äH 2.95), and
the olefinic methylene H2-55 (äH 5.02 and 4.96). These
correlations, together with most of the chemical shift
values, confirmed a backbone for compound 2 identical to
that of YTX with the differences being a downfield dis-
placement in the proton signals for H-32 (äH 4.18) and H-34
(äH 3.90) versus äH 3.89 and 3.80, respectively, in YTX
(Table 1). Moreover, the presence of new signals corre-
sponding to five carbons each connected to an oxygen atom
in the form of an anomeric methine, three oxymethines,
and one oxymethylene suggested the presence of a sugar
moiety in the molecule. This was also supported by the
negative ESIMS fragmentation ion peaks at m/z 1163 [M
- C5H9O4 + H - Na]- and 1141 [M - C5H9O4 + 2H-2Na]-
in accordance with the loss of a pentose unit. In addition,
the linkage of the sugar moiety was established at C-32 in
accord with the mutual HMBC correlations between the
anomeric carbon C-1′ (äC 102.8) with the H-32 methine (äH
4.18) and the methine carbon C-32 (äC 74.5) with the
anomeric methine H-1′ (äH 5.43). These data suggested that
2 is a glycoside of 1 by addition of a pentose unit.
ROESY data confirmed the relative stereochemistry of
all chiral centers of the aglycon. ROE correlations revealed
a stereostructure of this part of the molecule identical in
all respects to YTX, including the â configuration of the
H-32 proton as manifested by the correlations between this
methine and the H-31 and H3-52 protons (Figure 2).
The pentose sugar, the C-1′fC-5′ fragment, was identi-
fied by a 1D TOCSY experiment, and its furanose nature
was indicated by the HMBC correlation between the
oxymethylene carbon at C-4′ (äC 87.5) and the anomeric
methine H-1′ (äH 5.43). This was confirmed by the results
obtained in a 13C-coupled HSQC experiment, in which each
sugar peak correlation was split into two correlation peaks
along the 1H dimension by the large 1JC-H coupling
constant.11 Thus we obtained the following series of 1JC-H
values: JC-1′-H-1′ ) 182.2 Hz, JC-2′-H-2′ ) 151.8 Hz,
JC-3′-H-3′ ) 154.3 Hz, JC-4′-H-4′ ) 149.9, JC-5′-H-5′ ) 139.9
Hz, and JC-5′-H-5′ ) 140.0 Hz. These magnitudes of
coupling constants indicate the presence of a furanosyl
system versus a pyranosyl ring.12-14 Furthermore, these
1JCH data provided additional information to facilitate the
sugar structure. The large value of 1JC-1′-H-1′ suggested a
quasi-equatorial C-1′-H-1′ bond as an N-type sugar,15-18
and the chemical shift of the anomeric carbon C-1′ at äC
102.8 was in accordance with a â orientation.19,20 HMBC,
ROESY, and GROESY data confirmed the final arrange-
ment of the sugar moiety. Thus, the linkage between C-1′
and C-32, indicated by the HMBC experiment, was con-
firmed by the presence of a 1D ROESY cross-peak of H-1′
(äH 5.43) with H-32 (äH 4.18). In the furanose ring, the
coupling constant values analysis between sugar protons
(J1′-2′ ) 3.8 Hz, J2′-3′ ) 5.8 Hz, J3′-4′ ) 4.4 Hz) showed that
protons H-1′, H-2′, and H-4′ were on the same face, while
H-3′ must be located on the opposite face. Additional
ROESY correlations of H-1′ with the protons H-2′ (äH 3.93,
strong) and H-4′ (äH 4.13, weak), together with the weak
correlation between protons H-3′ (äH 3.85) and H2-5′ (äH
3.57 and 3.55), substantiate these conclusions (Figure 2).
This result can be explained only if the sugar possesses a
â-arabinofuranose structure.
Most of the previously reported examples of YTX deriva-
tives were isolated from red tide episodes, although their
presence in cultures of Protoceratium had been established.
Recently, while we were finishing this work, the Shimizu
group reported on the isolation from the culture medium
of Protoceratium of the first examples of glycoside deriva-
tives of homoyessotoxin, protoceratines II to IV;21 our
compound is the first glycoside in the yessotoxin series. The
discovery of G-YTXA together with those isolated by the
Shimizu group expands the possibility that new and related
Table 1. 13C and 1H NMR Data for G-YTXA (2) in CD3OD
carbon äC äH carbon äC äH
1 65.0 4.18 31 79.2 3.25
2 40.3 2.18/1.91 32 74.5 4.18
3 76.5 33 76.8
4 78.7 4.19 34 74.0 3.90
5 32.8 2.55/1.74 35 31.7 2.11/1.50
6 78.4 3.06 36 73.3 4.06
7 70.8 3.33 37 73.0 3.38
8 36.5 2.15/1.37 38 39.2 2.64/2.40
9 78.3 3.11 39 143.4
10 78.3 3.10 40 85.2 3.85
11 36.2 2.23/1.38 41 78.6
12 77.7 3.03 42 136.8 5.80
13 78.4 3.09 43 130.8 6.27
14 38.0 2.26/1.40 44 146.2
15 81.2 3.34 45 37.9 2.95 (2H)
16 82.2 3.21 46 137.6 5.87
17 30.3 1.91/1.79 47 116.7 5.08/5.03
18 41.2 1.78 (2H) 48 16.5 1.26
19 78.6 49 24.0 1.24
20 82.7 3.44 50 20.5 1.14
21 33.0 1.89/1.76 51 22.3 1.03
22 87.5 3.44 52 16.4 1.22
23 77.0 53 115.7 5.01/4.75
24 47.0 1.74/1.48 54 26.2 1.36
25 32.7 1.72/1.46 55 116.7 5.02/4.96
26 40.7 1.71 1′ 102.8 5.43
27 89.5 2.80 2′ 74.3 3.93
28 84.0 3.28 3′ 73.1 3.85
29 40.0 2.25/1.50 4′ 87.5 4.13
30 73.7 3.73 5′ 63.3 3.57/3.55
Figure 2. Significant ROE correlations for G-YTXA as well as partial
structure corresponding to C-27fC-37(C-52) and carbohydrate side
chain fragment.
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metabolites presenting different carbohydrate side chains
will be discovered, which substantially increases the
complexity of the monitoring programs for the YTX toxin
group.
Experimental Section
General Experimental Procedures. Optical rotation was
determined on a Perkin-Elmer 241 polarimeter. The NMR
spectra were obtained with Bruker AMX 500 and AVANCE
400 MHz instruments. Chemical shifts were reported relative
to TMS, and coupling constants were given in Hz. Mass
spectrometric measurements were performed using a Thermo
Finnigan LCQ-Advantage ion trap mass spectrometer, equipped
with electrospray ionization (ESI). ESI was performed with a
4.5 kV spray voltage and 120 °C capillary temperature, flow
60 mL/min for sheath gas and 20 mL/min for auxiliary gas.
HPLC was carried out with a Waters system equipped with a
differential diffractometer detector. Si gel CC and TLC were
performed on Si gel Merck 60 G. TLC plates were visualized
by spraying with phosphomolybdic acid 20 wt % in ethanol
solution and heating.
Cultures. The GG1AM strain of P. reticulatum used in this
study was obtained from the collection of phytoplankton
cultures at the Centro Oceanogra´fico de Vigo. Cultures initi-
ated with 500 cells/mL were grown in 120 L cylindrical
metacrilate tanks with 100 L of L1 medium without silicates
sterilized with 0.25 mL/L of sodium hypochlorite 40% for 2 h
(excess of chloride was neutralized with 0.25 mL/L of sodium
thiosulfate), at a salinity of 34 psu and 17 ( 1 °C under a 12:
12 h light:darkness cycle with light of 100-150 ímol photons/
m2âs (PAR). For growth measurements, 5 mL samples were
collected every 4 days and fixed with Lugol’s solution. Cell
counts were made for each sample with Sedgewick-Rafter
counting slides. After a period of culture, the P. reticulatum
cells were harvested by filtration and continuous centrifuga-
tion at 7000 rpm. The fresh cells (70 g) were sonicated and
extracted with acetone. The solvent was evaporated and the
resultant extract (0.86 g) chromatographed.
Chromatographic Separation. The organic extract was
chromatographed by gel filtration on a Sephadex LH-20
column eluted with a mixture of CHCl3-MeOH-n-hexane (1:
1:2). The toxic fraction was rechromatographed over a medium-
pressure reversed-phase Lobar LiChroprep RP-18 column
using MeOH-H2O (17:3) as eluent. The final purification was
achieved by HPLC reversed-phase chromatography on a
í-Bondapak C18 column and gradient solvent system: (a) CH3-
CN-H2O-AcOH (50:50:0.1), (b) CH3CN-AcOH (100:0.1), at
2.5 mL/min to yield YTX (1) (0.59 mg) and G-YTX (2) (2.90
mg).
Compound 2 (G-YTXA): [R]25D -6° (c 0.29, CHCl3); 13C and
1H NMR data, Table 1; EISMS negative mode m/z 1295 [M -
Na]-, 1273 [M - 2Na + H]-, 1163 [M - C5H9O4 - Na + H]-,
1141 [M - C5H9O4 - 2Na + 2H]-, 636 [M - 2Na]2-.
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Abstract
The toxin composition of a culture of the dinoﬂagellate Protoceratium reticulatum was investigated using LC–FLD, after
derivatization with DMEQ-TAD (4-(2-(6,7-dimethoxy-4-methyl-3-oxo-3,4-dihydroquinoxalimylethyl)-1,2,4-triazoline-3,5-
dione)). Besides yessotoxin (YTX), the new YTX analogue, glycoyessotoxin A (G-YTXA) was detected in culture medium
as well as in cells. The conditions for extraction were optimized and the production proﬁle established. Retention time of
the resulting ﬂuorescent G-YTXA adduct was identiﬁed by comparison of the appropriate standard. Additionally, both
G-YTXA and the DMEQ-TAD-G-YTXA adduct were conﬁrmed by LC–MS showing ion peaks at m/z 1273
[M2Na+H] and m/z 1618 [M2Na+H], respectively. The LC–MSn displayed a fragmentation pattern similar to that
of the YTX series.
r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction
Yessotoxins (YTXs) are a complex group of
structurally disulphated polyether toxins that may
appear in association with the diarrhetic shellﬁsh
poisoning syndrome (DSP) causing false-positives in
mouse bioassay. The toxic effect, mode of action
and symptoms of YTX poisoning in humans are still
unknown, although it is proven that YTX does not
show diarrheagenic effects (Ciminiello et al., 1997;
Satake et al., 1997a; Terao et al., 1990). YTX was
ﬁrst isolated from the scallop Patinopecten yessoen-
sis in Japan (Murata et al., 1987). However, the
biogenetic origin was recognized in the dinoﬂagel-
late Protoceratium reticulatum (Clapare`de et Lach-
mann) Bu¨tschli (¼ Gonyaulax grindleyi Reinecke)
and identiﬁed in New Zealand (Satake et al., 1997a),
Japan (Satake et al., 1999), Norway (Ramstad et al.,
2001; Samdal et al., 2004) and Italy (Ciminiello
et al., 2003). YTX is also produced by the
dinoﬂagellate Lingulodinium polyedrum (Stein)
Dodge (¼ Gonyaulax polyedra Stein) in low
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concentrations (Draisci et al., 1999; Paz et al., 2004;
Tubaro et al., 1998). It has been demonstrated that
P. reticulatum is capable of enzymatic production of
YTX analogues such as homoYTX (Satake et al.,
1997b), 45-hydroxyYTX (Ciminiello et al., 1999),
45-hydroxyhomoYTX (Satake et al., 1997b), adria-
toxin (Ciminiello et al., 1998), carboxyYTX (Cimi-
niello et al., 2000a), carboxyhomoYTX (Ciminiello
et al., 2000b), noroxoYTX (Ciminiello et al., 2002a),
noroxohomoYTX (Ciminiello et al., 2001) and
trinorYTX (Satake et al., 1999), and the most
recently described 41a-homoYTXs (Finch et al.,
2005; Miles et al., 2004), methylYTXs (Miles et al.,
2005), (44-R,S)-44,55-dihidroxyYTX (Finch et al.,
2005) and hydroxyamide derivates from 41a-homo-
YTXs (Miles et al., 2005).
The latest series of YTX analogues reported are
the mono, di and tri glycoside polyether derivatives.
The ﬁrst to be reported were the protoceratines
II–IV with one, two or three pentose units attached
to homoYTX (Konishi et al., 2004) and the second
work described the G-YTXA, 32-arabinoside of
YTX (Souto et al., 2005), later conﬁrmed by Miles
(Miles et al., 2005), both isolated from medium and
cells, respectively, of P. reticulatum cultures.
Studies have demonstrated that culture condi-
tions and strain affect the toxin production of
P. reticulatum and therefore different YTX toxic
proﬁles can be detected by modiﬁcations in the
extraction and detection methods. In consequence,
YTXs need to be studied in greater detail using
precise and sensitive analytical methods in order to
obtain the rapid, direct, and combined determina-
tion of all YTX analogues present in a problem. The
LC–FLD method after derivatization with DMEQ-
TAD (Yasumoto and Takizawa, 1997) is a well-
known analytical processes for determining YTXs.
This is a sensitive, economical and easily available
method used in many analytical laboratories, but
only YTX analogues having a conjugated diene in
the side chain can be detected. LC–MS is an
alternative method that allows detection of native
YTXs (Ciminiello et al., 2002b; Draisci et al., 1998;
Fernandez-Amandi et al., 2002; Quilliam, 1999) but
requires expensive equipment not available in all
laboratories.
The objectives of the present work were focused
on: (i) detecting the G-YTXA by LC–FLD
using DMEQ-TAD derivatization, (ii) identifying
G-YTXA and the DMEQ-TAD-G-YTXA adduct,
both by LC–MS and (iii) establishing the variation
in production of G-YTXA in cells and medium
during culture, applying LC–FLD–MS as the most
up-to-date method in the batch cultures of
P. reticulatum.
2. Materials and methods
2.1. Culture
A strain of P. reticulatum (GG1AM), isolated in
La Atunara, Cadiz, SW Spain, was obtained from
the collection of phytoplankton cultures at the
Centro Oceanogra´ﬁco in Vigo. Batch cultures were
grown in 2L borosilicate glass bottles containing
1L of L1 medium without silicates (Guillard and
Hargraves, 1993). These were inoculated with 45mL
(500 cells/mL) of exponentially growing P. reticula-
tum, maintained at 1971 1C under irradiance of
150–170 mmol photons/m2 s on a 12:12 h light:dark-
ness cycle and at a salinity of 34. Batch cultures
were gently shaken once daily. For growth mon-
itoring 5mL samples were collected every 3 days for
25 days, ﬁxed with Lugol’s solution and cell counts
in Sedgewick–Rafter slides.
2.2. Toxin extraction
For toxin analyses, 50mL aliquots from batch
culture were harvested every 3 days for 25 days, and
extracted according to a modiﬁcation of the
Yasumoto and Takizawa method (Yasumoto and
Takizawa, 1997; Paz et al., 2004). Cultures were
ﬁltered using 1.4 mm GF/C glass ﬁbre ﬁlters (25mm
+), and both cells and medium were processed for
toxin analysis as follows. Toxins in cells were
extracted with 2mL of MeOH, sonicated and
centrifuged for 10min at 3000 rpm at 10 1C; the
supernatant was removed and the bottom was
extracted again with 1mL of MeOH with the same
processes. For toxin puriﬁcation, supernatants were
combined, and a 0.5mL aliquot extract was mixed
with 1mL of 0.5M ammonium acetate at pH 5.8,
extracted in solid phase (SPE) loaded onto a Sep-
Pak C18 light cartridge (Waters USA, previously
equilibrated with MeOH:0.5M ammonium acetate
at pH 5.8, (1:1)). The cartridge was washed with
4mL of MeOH:H2O (2:8) and YTXs eluted using
4mL of MeOH:H2O (7:3). This fraction was dried
under a N2 stream and derivatized with DMEQ-
TAD, or re-suspended in 0.5mL of MeOH for
LC–MS analysis.
On the other hand, 40mL of cell free culture
medium, obtained by ﬁltering the culture sample
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was loaded onto a Sep-Pak C18 light cartridge
(equilibrated with MeOH:H2O (1:1)), washed with
4mL of MeOH:H2O (2:8) and toxins eluted with
4mL of MeOH:H2O (7:3). The extract was dried
under a N2 stream and derivatized, or re-suspended
in 0.5mL of MeOH for LC–MS analysis.
The derivatization reactions were performed with
50 mL of DMEQ-TAD (4-(2-(6,7-dimethoxy-4-
methyl-3-oxo-3,4-dihydroquinoxalimylethyl)-1,2,4-
triazoline-3,5-dione)), purchased from Wako Pure
Chemical Industries (Osaka), used as a 0.1%
solution in CH2Cl2. The reaction mixture was
stored in the dark for 2 h and quenched with
50 mL of MeOH. The solvents were removed under
a N2 stream, re-suspended in 0.5mL of MeOH and
analysed by LC–FLD (Paz et al., 2004).
2.3. Toxin analysis
The LC–FLD was carried out in a system
equipped with a Hitachi L-6200 A pump, a Jasco
FP-920 ﬂuorescence detector, a Hitachi AS-4000
autosampler and a Lichrospher 100 RP18 5 mm
(4.6 125mm) cartridge column. A mobile phase of
100mM ammonium acetate, pH 5.8:MeOH (3:7) at
a ﬂow rate of 0.75mL/min and 35 1C column
temperature, was used. The excitation and emission
wavelengths were 370 and 440 nm, respectively (Paz
et al., 2004; Yasumoto and Takizawa, 1997).
For LC–MS separation a Xterra MS C18 5 mm
(2.1 150mm) cartridge column, 35 1C column
temperature, 2mM ammonium acetate (pH 5.8)
(A) and MeOH (B) as mobile phase were used. A
gradient elution (40–30% A in 5min, 30–20% A in
5min, followed by 5min with 20% A, then 20–0%
A in 5min and 0% A for 2min) was used. As ﬂow
rate and injection volume 0.20mL/min and 10 mL
were used, respectively. Mass spectral measure-
ments were performed using an ion trap mass
spectrometer, Thermo Finnigan LCQ-Advantage,
equipped with an electrospray ionization (ESI)
negative interface. ESI was performed with a
4.5 kV spray voltage and 120 1C capillary tempera-
ture, ﬂow rate of 60mL/min for sheath gas and
20mL/min for auxiliary gas. Full scan data were
acquired from m/z 500 to 2000, in negative ion
mode, and extracted ion chromatograms selecting
ions for YTX at m/z 1141 [M2Na+H] and 1163
[MNa] (Ciminiello et al., 2003, 2002b; Draisci et
al., 1999), and for derivatized samples at m/z 1486
[M2Na+H] and 1508 [MNa] (Yasumoto and
Takizawa, 1997). G-YTXA chromatograms were
obtained by selecting ions at m/z 1273
[M2Na+H] and 1295 [MNa], and for deri-
vatized samples at m/z 1618 [M2Na+H] and
1640 [MNa]. Subsequent LC–MS4 for G-YTXA
were performed by applying a supplementary
voltage (Collision Energy, CE) of 38%, 41% and
41% on the [M2Na+H] ion.
Identiﬁcation of YTX and G-YTXA by LC–FLD
and LC–MS was carried out using a YTX standard
solution provided by Professor M. Satake (Tohoku
University, Sendai, Japan) and G-YTXA puriﬁed
from cells of P. reticulatum (Souto et al., 2005).
3. Results and discussion
Samples from batch cultures of P. reticulatum
(strain GG1AM, Spain) were collected every 3 days
for 25 days and YTXs analysed in the cells and in
culture medium. The SPE cleanup of the culture
medium had been performed in a previous work by
loading on a Sep-Pak C-18 cartridge, equilibrated
with MeOH:H2O, and eluting the toxins with
MeOH 100% (Paz et al., 2004). However, using
this protocol many salts were eluted and consider-
able interference in derivatization chromatography
processes was observed. Consequently, a modiﬁca-
tion was introduced into the SPE cleanup method.
Therefore, after loading the culture medium in the
Sep-Pak C-18 cartridge, this was washed with
MeOH:H2O (2:8) and the toxins eluted with
MeOH:H2O (7:3). Fractions resulting from the
SPE cleanup were analysed by LC–FLD after
derivatization with DMEQ-TAD, and both, by
LC–MS in the full scan mode.
3.1. YTX determination by LC– FLD
Analysis of obtained LC–FLD chromatograms
for the derivatized MeOH:H2O (7:3) fraction from
culture medium using the described protocol mod-
iﬁcation, pointed to the presence of new ﬂuorescent
adducts as a mixture of (C-42) epimers which eluted
2.5min before the above-mentioned YTX peaks
(Fig. 1). The new signals showed an epimer ratio of
3:1 similar to that described for YTX (Yasumoto
and Takizawa, 1997). Thus, the ﬁrst couple of peaks
appear at 9.60 and 10.55min, and the second couple
of peaks appear at 12.15 and 13.45min. These facts
suggested the presence of a new YTX analogue,
glycoyessotoxin A (G-YTXA). Subsequently, indi-
vidual derivatized reference samples for YTX and
G-YTXA were compared (Fig. 1a), and retention
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times of these were found to coincide with those
observed in the derivatized samples from the culture
medium.
These results revealed that the b-arabinofuranose
attached at carbon C-32 in G-YTXA involved an
increase in polarity with respect to YTX, and
therefore the resulting adducts elute before the
YTX adducts, and this does not affect the epimer
ratio in the derivatization reaction on the conju-
gated diene side chain with the dienophile reagent
DMEQ-TAD. Moreover, G-YTXA was well ex-
tracted with the modiﬁed SPE method due to the
greater polarity of MeOH:H2O (7:3) with respect to
MeOH 100%. The appearance of SPE eluates and
subsequently obtained chromatograms with a mix-
ture of MeOH:H2O (7:3) were cleaner than those
obtained using MeOH 100%.
YTX and G-YTXA were detected in culture
medium (Fig. 1b) as well as in cells (Fig. 1c) of the
P. reticulatum culture. YTX was found during all
the culture growth and reaches maximum levels at
day 25 in a concentration of 125.60 ng/mL in
biomass and 56.36 ng/mL in medium (Fig. 2a).
Nevertheless the cellular G-YTXA was detected
from the exponential period (day 10) until the
stationary phase, and in the culture medium was
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G-YTXA standards, (b) YTXs in culture medium of Protoceratium reticulatum and (c) YTXs in cells of P. reticulatum.
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Fig. 3. Extracted ion chromatograms and LC–MS spectra in negative ion mode showing the [M2Na+H] and [MNa] ions of (a)
YTX standard, (b) G-YTXA standard, (c) DMEQ-TAD-YTX adduct and (d) DMEQ-TAD-G-YTXA adduct. Conditions used were:
Column Xterra MS C18 5mm (2.1 150mm); mobile phase, 100mM ammonium acetate, pH 5.8:MeOH (3:7); ﬂow rate 0.20mL/min and
column temperature, 35 1C.
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found only in the stationary phase (day 19–25)
(Fig. 2b). The quantiﬁcation of G-YTXA against
YTX standard revealed a maximum concentration
of 4.38 ng/mL in cells and 3.60 ng/mL in medium at
day 25 of culture (Fig. 2b).
The presence of YTX and G-YTXA in the
medium may be due to active release from cells,
versus the leakage of toxins into the medium by
cellular death or sample handling. The decrease in
intracellular G-YTXA concentration is shown in
Fig. 2b at day 22 when the number of cells in the
culture is maximum, and the variation in concen-
tration in medium and cells sustains this idea.
3.2. YTXs LC– MS determination
Additionally, in order to determine YTX and
G-YTXA by LC–MS, individual reference samples
of YTX and the G-YTXA were analysed. Under the
used ionization conditions, the formation of the
pseudomolecular ions [MNa], [M2Na+H]
and, in less proportion, the ion [M2Na]2 for
YTX and G-YTXA and their derivatized forms was
observed. An analysis of the extracted ion chroma-
tograms (Fig. 3) revealed the presence of a peak at
10.59min for m/z 1141 (YTX) (Fig. 3a) and at
9.86min for m/z 1273 (G-YTXA) (Fig. 3b), differ-
ing in 132 m/z units corresponding to a pentose
unit. In order to conﬁrm the presence of G-YTXA
in the samples, the methanolic extract from both
medium and cells were analysed by LC–MS using
identical experimental conditions with those used
with the individual reference samples for YTX and
G-YTXA. The resulting retention times and mass
spectra for each peak were in coincidence, conﬁrm-
ing their assignment (Fig. 4). Moreover, the
extracted ion chromatograms for YTX and G-
YTXA derivatized adducts from samples and
standards showed the presence of a peak at
9.29min for ion m/z 1486 [M2Na+H]
(DMEQ-TAD-YTX) (Fig. 3c) and at 8.65min for
ion m/z 1618 [M2Na+H] (DMEQ-TAD-G-
YTXA) that present an increase of 345m/z units
due to the fragment corresponding to the DMEQ-
TAD reagent, conﬁrming the derivatization reaction
(Fig. 3d).
In some samples a small peak eluting before
G-YTXA at m/z 1405 [M2Na+H], 1427 [MNa]
and 702 [M2Na]2 was detected, suggesting the
presence of the glycoside with two pentose units, but
no further structural study was undertaken due to
its presence in trace amounts. Further work will be
required to determine its assignment.
More structural information regarding G-YTXA
was obtained by LC–MS4. The fragmentation by
MS/MS of YTX-like compounds is known to occur
by losing neutral species due to the presence of a
sulphate moiety, a negative charge located on the
western part of the molecule that yielded the frag-
ment ions. The spectrum for G-YTXA was obtained
using the protonated ion at m/z 1273 [M2Na+H]
as a precursor ion and a C.E. of 38% (Fig. 5a) -
which showed an intense peak at m/z 1193
[M2NaSO3+H]. Using the [M2NaSO3+H]
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Fig. 4. Selected ion chromatograms for G-YTX at m/z 1273 [M2Na+H] and mass spectra in negative ion mode for (a) medium and
(b) cell samples of a culture of P. reticulatum.
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ion peak at m/z 1193 as precursor ion and a C.E. of
41% a predominant ion peak at m/z 1056
[M2NaSO3C9H13O6+H] was observed; a small
peak also appeared at m/z 1061 corresponding to the
loss of a pentose unit (Fig. 5a). Thus, the observed
fragmentation of ions at m/z 1273, 1193, 1056 and m/z
987 maintaining the pentose unit, and subsequently,
the ions at m/z 925, 855 and 713 were characteristic for
fragmentation of the polycyclic backbone skeleton in
YTX 1141 [M2Na+H] (Ciminiello et al., 2003;
Ciminiello et al., 2002b) (Fig. 5b). The structure of the
MS4 fragmentation of G-YTXA for the ion at m/z
1273 [M2Na+H] as precursor is shown in Fig. 6.
Summarizing, G-YTXA and YTX were quanti-
ﬁed in the medium as well as in cells of a culture of
P. reticulatum (GG1AM), originally from La
Atunara, Cadiz, SW Spain. The production of
G-YTXA by cells starts in the exponential phase
and the toxin in the medium was detected at the end
of the culture, in the stationary phase. These results
show that G-YTXA could be easily detected by
LC–FLD after derivatization with the DMEQ-TAD
reagent because it has a conjugated diene in the side
chain. YTX and G-YTXA were well resolved, the
G-YTXA eluting at a shorter retention time than
YTX, as typical double signal of YTX. It should be
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noted that the LC–FLD method is a more common
and economic method than LC–MS, and can prove
useful in routine laboratories. Both G-YTXA and
DMEQ-TAD-G-YTXA were conﬁrmed by LC–MS
and MS/MS.
The detection of G-YTXA in a batch culture of
the dinoﬂagellate P. reticulatum is a reﬂection of the
complex toxin proﬁle of P. reticulatum. The toxin
composition also varies during culture growth and
from strain to strain and supports the need for
future research to identify further toxin analogues in
dinoﬂagellates.
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A complete ﬁrst order orthogonal plan was used to optimize the growth and the production of
yessotoxin (YTX) by the dinoﬂagellate Protoceratium reticulatum in culture by controlling salinity,
temperature and irradiance. Initially, an approach to the kinetic data of cellular density and YTX
production for each one of the experimental design conditions was performed. The P. reticulatum
growth and YTX production were ﬁtted to logistical equations and to a ﬁrst-order kinetic model,
respectively. The parameters obtained from this adjustment were used as dependent variables for
the formulation of the empirical equations of the factorial design tested.
The results showed that in practically all the cases for both, P. reticulatum growth and YTX produc-
tion, irradiance is the primary independent variable and has a positive eﬀect in the range 50–
90 lmol photons m2 s1. Additionally, in certain speciﬁc cases, temperature reveals signiﬁcant positive
eﬀects when maintained between 15 and 23 C and salinity in the range of 20–34 displays negative eﬀects.
Despite the narrow ranges used in the work, results showed the suitability of factorial analysis to eval-
uate the optimal conditions for growth and yessotoxin production by the dinoﬂagellate P. reticulatum.
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Yessotoxins (YTXs) are a group of di-sulphated polyether toxins that were ﬁrst isolated
from the scallop Patinopecten yessoensis in Japan (Murata et al., 1987) and its production
subsequently demonstrated in the dinoﬂagellate Protoceratium reticulatum (Clapare`de et
Lachmann) Bu¨tschli (=Gonyaulax grindleyi Reinecke) (Satake et al., 1997; Satake et al.,
1999; Ramstad et al., 2001; Ciminiello et al., 2003) and in Lingulodinium polyedrum (Stein)
Dodge (=Gonyaulax polyedra Stein) (Tubaro et al., 1998; Draisci et al., 1999; Paz et al.,
2004a). Although YTX does not induce diarrheic eﬀects (Terao et al., 1990; Ciminiello
et al., 1997; Satake et al., 1997) it can appear in the extract for routine monitoring of diar-
rheic shellﬁsh poisons (DSP) causing false positives in the mouse bioassay.
A major issue are YTX analogues, mainly produced by the shellﬁsh metabolism, how-
ever the algae P. reticulatum is also responsible for YTX analogue production (Yasumoto
and Takizawa, 1997; Mackenzie et al., 2000). The better known YTX analogues in algae
are homoYTX, 45-hydroxyYTX, carboxyYTX, noroxoYTX (Ciminiello et al., 2003) and
trinorYTX (Satake et al., 1999). Moreover, P. reticulatum is also responsible for the pro-
duction of other new analogues trinorYTX isomers, 41a-homoYTXs, methylYTXs, 44,45-
dihydroxyYTXs (Ciminiello et al., 2003; Samdal et al., 2004; Finch et al., 2005; Miles
et al., 2005) and mono and diglycoside polyethers YTX analogues (Konishi et al., 2004;
Souto et al., 2005).
The toxic eﬀects, action mechanisms and symptoms of YTX and analogues are rela-
tively unknown. Subsequently reference YTXs are needed but the availability of such stan-
dards is very limited commercially. To overcome this problem more experimental studies
are necessary. For the extraction and puriﬁcation of YTXs, the shellﬁsh or the phyto-
plankton culture could be used, but P. reticulatum is an easier matrix than shellﬁsh (Goto
et al., 1998).
There are few studies of the eﬀect of environmental conditions on culture in other dino-
ﬂagellates such as Gymnodinum catenatum (Yamamoto et al., 2002; Band-Schmidt et al.,
2004) or Cocholodinium polykrikoides (Kim et al., 2004), but the literature cited on optimi-
zation or studies of the inﬂuence of culture conditions on P. reticulatum growth and YTXs
production is very scarce (Seamer, 2001; Mitrovic et al., 2004). It was found that strains of
P. reticulatum can be adapted to diﬀerent environmental conditions of temperature (4–
24 C), salinity (1–40), irradiance (10–150 lmol photons m2 s1), pH, nutrients and cul-
ture media (Hansen et al., 1996/97; Satake et al., 1997; Seamer, 2001). Since the aims of
the studies were not necessarily to optimize conditions for growth, the diﬀerences in cul-
ture conditions could be a consequence of the diﬀerent experimental objectives of the lab-
oratories concerned. Only Seamer (2001) describes the growth responses to variations in
temperature, light and salinity, as well as photoperiodicity, nitrogen and phosphorus in
batch cultures. She established that the use of GP medium, a salinity of 35, 21 C and light
at 45 lmol photons m2 s1 are the conditions that produced the most rapid growth.
Mitrovic et al. (2004) evaluated the eﬀect of selenium, iron and cobalt on growth and
YTX production by P. reticulatum and they found that only selenium and iron have
any eﬀect. The eﬀect of these variables was evaluated separately and no factorial design
was developed to assess the joint eﬀect.
Although little used in the ﬁeld of the marine cultures (Planas et al., 2004), the empir-
ical models obtained by means of orthogonal or rotatable factorial designs have prove to
be very useful tools in the quantitative description of other bio-production, principally
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function of independent variables within the experimental system. To obtain the corre-
sponding group of values necessary to formulate the empirical equations of the experi-
mental plan, the most complete option is the mechanistic or pseudomechanistic
approach to the kinetic data of biomass or metabolite production. This way, the param-
eters with biological signiﬁcance obtained of the proposed mathematical models will be
used as dependent variables (responses) in the experimental design (Va´zquez et al.,
2003).
The main objective of this study was to optimize the growth and the YTX production
of the dinoﬂagellate P. reticulatum in batch culture as a function of the combined eﬀect of
salinity, temperature and irradiance. For this purpose two types of complementary and
sequential approaches were used. Initially, culture kinetics in each one of the conditions
of the experimental design were performed. The parameters obtained from their adjust-
ment to the group of models served as dependent variables to formulate the empirical
equations of the ﬁrst order plan tested.
2. Materials and methods
2.1. Cultures and metabolite analysis
The strain of P. reticulatum (GG1AM), originally from Spain, was obtained from the
collection of phytoplankton cultures at the Centro Oceanogra´ﬁco in Vigo. All cultures,
in the diﬀerent experimental conditions were initiated with the same inoculum in exponen-
tial phase. The culture used for the inoculation was maintained at 19 ± 1 C, at a salinity
of 34, with irradiance of 165 lmol photons m2 s1 and under a 12:12 h light:darkness
cycle in L1 medium without silicates (Guillard and Hargraves, 1993). Batch cultures were
inoculated with 500 cells mL1 in 2000 mL borosilicate glass bottles (SCHOTT, Germany,
260 mm high by 136 mm in diameter) containing 1000 mL of the same medium as stock.
These ones were maintained at the diﬀerent salinities, temperatures and irradiances
selected to develop the factorial design (Table 1). All batch cultures were gently shaken
once daily.
Salinities were prepared by diluting seawater at salinity 35 with de-ionized water (Milli-
Q; Millipore). Temperature was controlled through the use of thermostatic chambers and
the culture medium was pre-acclimatized to the diﬀerent temperatures of the experimental
design. Irradiance was provided by 8 cool-white ﬂuorescent lamps (OSRAM L 36W/20,
Germany, 1200 mm length), located in the frontal wall, spaced 150 mm. Initial irradianceTable 1
Experimental domain and codiﬁcation of independent variables (salinity (S), irradiance (I) and temperature (T))
in factorial experiment 1 (ﬁrst order design)
Coded values Values in g L1 (S), lmol photons m2 s1 (I) and C (T)
S I T
1 20 50 15
0 27 70 19
+1 34 90 23
Codiﬁcation: Vc = (Vn  V0)/DVn; decodiﬁcation: Vn = V0 + (DVn · Vc).
Vn = natural value in the centre of the domain; DVn = increment of Vn per unit of Vc.
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wrapping the bottles with a Laser Film (Folex Imaging BG-71) printed with diﬀerent per-
centage dot intensities achieved by MS Word. Irradiance as photosynthetic active radia-
tion (PAR) was measured inside the glass bottles with an QSL-100 quantum sensor
(Biospherical Instruments, Inc., San Diego, CA, USA).
Growth was closely monitored as cell yield in terms of cells mL1. For this purpose
5 mL samples were collected every 3 days and ﬁxed with Lugol’s solution and cell counts
were performed in a Sedgwick–Rafter counting chamber.
For toxin analysis, 10 mL aliquots of each culture were harvested every 3 days until the
day 25 of the culture and were ﬁltered through 1.4 lm GF/C glass ﬁbre ﬁlters (25 mm
diameter) (Whatman, Maidstone, England). YTX in both, medium and cells, was
extracted and determined by HPLC following a previous report (Paz et al., 2004a). The
total production of YTX by P. reticulatum in ng mL1 was determined as sum of the indi-
vidual toxin present in the medium and in the cells.
2.2. Experimental ranges of salinity, temperature and irradiance
Although P. reticulatum tolerates a wide range of conditions, narrow ranges were
applied for speciﬁc reasons. The selected range for salinity was 20–34 because other salin-
ities tested before starting the factorial design showed that below 20 the growth of P. retic-
ulatum was very slow. Salinity above the 34 level is higher than the seawater concentration
under natural conditions, and this concentration is not desirable since salt is an important
interference factor for chromatography analyses. Dilution of samples to minimize this
interference is not possible if the toxin concentration is low.
The experimental range of temperature selected, 15–23 C, was chosen to most closely
match the common range for the growth of P. reticulatum in the marine environment.
Temperatures above or below this range are critical for dinoﬂagellates growth.
The irradiance level was selected taking into account a previous experimental factorial
design. This model was proposed to test the joint inﬂuence of stirring (0–80 rpm), initial
level of phosphate (7–35 lmol PO34 L
1), irradiance (25–165 lmol photons m2 s1)
and temperature (15–23 C) on growth and total YTX production by P. reticulatum
(Paz et al., 2004b). The proposed model revealed that the irradiance was the major factor
concerning YTX production. This was because the studied range of irradiance, from 25 to
165 lmol photons m2 s1, was very wide. At 25 lmol photons m2 s1 irradiance was
very low and cultures did not grow well, while the irradiance of 165 lmol photons m2 s1
had a very positive eﬀect on growth, being the only factor aﬀecting the culture growth. In
the global evaluation of the studied factors by means of the factorial design, an overlap of
irradiance on the other variables studied occurred. Taking this into consideration, the
range of irradiance was reduced to the range of 50–90 lmol photons m2 s1, in order
to determine the combined eﬀects of the other variables.
2.3. Experimental design and statistics
The description of the production results of cellular density and YTX (as the sum of
toxin particulate and dissolved) by P. reticulatum was obtained by means of the realization
of a complete ﬁrst order orthogonal design (32 points in the vertices of a cube of edge = 2)
with quadruple replication in the centre of the experimental domain. The independent
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shown in Table 1.
The experimental plan was organized to permit two approximations. Firstly, the tem-
poral variation of the population growth as measured by cell number and the YTX pro-
duction were adjusted to appropriate mathematical models to obtain a group of
biologically signiﬁcant parameters, that describe these bio-productions. Secondly, the
combinations of salinity, temperature and irradiance (Table 1) were chosen to deﬁne a
complete ﬁrst order orthogonal design (Box et al., 1989) in which these parameters can
be introduced as responses (dependent variables). In the ﬁrst case, the calculation was car-
ried out using a non-linear least squares test (quasi-Newton method) via the macro ‘Sol-
ver’ in the Microsoft Excel spreadsheet. Subsequently, the Statistica 6.0 program
(StatSoft, Inc. 2001) was used to calculate the signiﬁcance of the estimated parameters.
Results of the factorial designs (orthogonal least-squares calculation) were used to obtain
empirical equations which describe half-lives as a function of salinity, temperature and
irradiance. Statistical signiﬁcance of the coeﬃcients was veriﬁed by means of the Student’s
t-test (a = 0.05), and model consistency by means of the Fisher F test (a = 0.05) applied to
following means squares ratios:
Model/total error,
(Model + lack of ﬁtting)/model,
Total error/experimental error,
Lack of ﬁt/experimental error.
3. Results and discussion
3.1. Growth and production kinetics
Since the main objective of this study was to evaluate the eﬀects that the variables salin-
ity, temperature and irradiance produce in the growth and YTX production of P. reticul-
atum the ﬁrst step was to take a quantitative approach to the kinetic proﬁles of the
corresponding bio-production.
Diﬀerent mathematical models have been proposed with the purpose of obtaining good
descriptions of the growth of microorganisms and metabolite production against the cul-
ture timeline (Mercier et al., 1992; Parente and Hill, 1992; Lejuene et al., 1998; Va´zquez
et al., 2005). Among these, (Gompertz, Richards, Von Bertalanﬀy, accumulative function
of Weibull’s distribution) the easily managed and highly generalized logistic equation of a
pseudokinetic structure is suitable for the adjustment of the sigmoid proﬁles encountered
(Fig. 1). This also facilitates the calculation of a group of parameters with clear biological
signiﬁcance, useful for comparing cultures.
If we take therefore, as an example of logistical equation, the production of biomass as
cellular density (X) over time, we obtain:
1. The diﬀerential equation that describes the dinoﬂagellate growth rate:
dX
dt
¼ lm  X 
K  X
K
 
ð1Þ
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Fig. 1. Growth kinetics of Protoceratium reticulatum in each one of the conditions of the experimental plan
deﬁned in Table 1. The experimental data (dotted lines) were ﬁtted to the logistic model (1) (continuous line).
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which describes the temporal production of cellular density (logistic):
X ¼ K
1þ eblm t ; where b ¼ ln
K
X 0
 1
 
: ð2Þ
2. Another parameter of interest (proposed by Zwietering et al., 1990), of lower experi-
mental variability and therefore of lower statistical error and more direct application when
comparing microbial growths in diﬀerent culture media, is the maximum growth rate (vm)
or slope of the tangent to the logistic function at its point of inﬂection (ti). Thus, calculat-
ing the second derivative and equalizing to zero, we ﬁnd the value of the point of inﬂection
on the abscissa axis (t = ti):
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dt2
¼ 0; to obtain : ti ¼ blm
: ð3Þ
Being therefore:
vm ¼ dX
dt
 
ti
¼ K  lm
4
: ð4Þ
However, the kinetic proﬁles of YTX production (Fig. 2) present similar characteristics to
the ﬁrst order kinetic, that is:
dYTX T
dt
¼ r  YTX T : ð5Þ0
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Fig. 2. Total yessotoxin production (sum of particulate and dissolved) by Protoceratium reticulatum in each one
of the conditions of the experimental plan deﬁned in Table 1. The experimental data (dotted lines) were ﬁtted to
ﬁrst order kinetic model, exponential equation (5) (continuous line).
Table 2
Main parametric estimations (as deﬁned in the Table 6) from kinetic models [2,4,6], describing cellular density
and yessotoxin production by Protoceratium reticulatum, in each one of the conditions of T, S and I of the
experimental plan assayed (in codiﬁed values)
Plan Cellular density (X) Yessotoxin (YTXT)
K lm b vm r
2 YTXT0 r r
2
T = 1 17,653 0.119 3.51 525 0.998 0.565 0.147 0.959
S = 1
I = 1
T = 1 10,100 0.123 2.97 311 0.990 0.889 0.094 0.959
S = 1
I = 1
T = 1 23,808 0.232 4.27 1380 0.986 1.908 0.139 0.959
S = 1
I = 1
T = 1 21,100 0.245 3.96 1292 0.989 1.915 0.122 0.947
S = 1
I = 1
T = 1 14,624 0.157 2.85 574 0.993 2.064 0.084 0.636
S = 1
I = 1
T = 1 8712 0.184 2.60 401 0.970 0.753 0.158 0.981
S = 1
I = 1
T = 1 46,926 0.182 3.62 2135 0.988 1.282 0.160 0.985
S = 1
I = 1
T = 1 25,092 0.354 3.68 2221 0.984 1.109 0.172 0.994
S = 1
I = 1
T = 0 23,624 0.270 3.82 1595 0.997 1.704 0.164 0.989
S = 0
I = 0
T = 0 14,539 0.374 4.26 1359 0.974 1.949 0.150 0.983
S = 0
I = 0
T = 0 16,021 0.329 3.88 1318 0.999 2.445 0.139 0.956
S = 0
I = 0
T = 0 21,502 0.304 3.93 1634 0.995 3.614 0.138 0.878
S = 0
I = 0
They are also speciﬁed the corresponding expected–observed correlation coeﬃcients of the numeric ﬁttings to the
described models.
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describes the temporal YTX production (positive exponential):
YTX T ¼ YTX T0  ert: ð6Þ
In general, all the production runs lead to satisfactory ﬁts, with linear correlation coef-
ﬁcients between expected and observed values and within the intervals speciﬁed in Table 2,
within the estimations of the parameters (signiﬁcant values for p = 0.05; n = 3) and how it
is deﬁned in the summary of symbolic notations (Table 3).
Table 3
Symbolic notations used
t Time, days
X Cellular density, cells mL1
K Maximum cellular density (parameter deﬁned in Eq. (2)), cells mL1
lm Speciﬁc maximum growth rate (parameter deﬁned in Eq. (2)), days
1
X0 Initial cellular density (parameter deﬁned in Eq. (2)), cells mL
1
b Parameter deﬁned in Eq. (2), dimensionless
vm Maximum growth rate (parameter deﬁned in Eq. (4)), cells mL
1 days1
YTXT Yessotoxin, ng mL
1
YTXT0 Initial yessotoxin (parameter deﬁned in Eq. (6)), ng mL
1
r Speciﬁc rate of yessotoxin production (parameter deﬁned in Eq. (6)), days1
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allows us to propose the following partial conclusions:
1. In all the points of the experimental design triad S–T–I, the highest values in the param-
eters correlate with the highest level of irradiance assayed (I = 1 in coded value). In con-
trast, Seamer (2001) found the optimal conditions for growth at a low irradiance (25–
50 lmol photons m2 s1). This diﬀerence could be the result of the use of a diﬀerent
strain, culture medium (GP), irradiance system, culture volume, etc. Giving rise to gener-
ally low growth under all the conditions evaluated.
2. The high expected to observed correlation coeﬃcients, in the range of 0.878–0.999, with
the exception of the toxin production in the plan point (T = 1, S = 1, I = 1), demon-
strates the accuracy of the adjustment from the experimental data to the proposed models.
That is, the suitability of the kinetic equations to describe, quantify and predict the exper-
imentally obtained proﬁles.
3.2. Factorial approach
As previously mentioned, we also studied the ﬁt of the kinetic parameters to the diﬀer-
ent combinations of salinity, temperature and irradiance to equations of type:
R ¼ b0 þ b1S þ b2T þ b3I þ b12ST þ b13SI þ b23TI þ b123STI : ð7Þ
Similarly, the raw data at 16 and 22 days of culture were also used as dependent vari-
ables. The group of all the consistent empiric equations obtained, together with the
expected–observed correlation linear coeﬃcients, are summarized in Table 4.Table 4
Summary of the equations obtained of the factorial design proposed, as a function of each one of the
characteristic parameters introduced as dependent variable of response (R)
Parameter Empiric equations r2adjusted
Cellular density (X)
K (1) R = 18984 + 10216I 0.555
vm (2) R = 1229 + 227T + 653I + 193 TI 0.854
X (t = 22 days) R = 15826 + 3371T + 8078I 0.881
Yessotoxin (YTXT)
r (6) R = 0.14 + 0.01I  0.02S + 0.02SI 0.570
YTXT (t = 16 days) R = 28.85  4.47S + 12.06I + 3.49TSI 0.857
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variable and has a positive eﬀect, i.e. the response or dependent variable increases in line
with increased irradiance. These results are in agreement with results obtained in the pre-
vious factorial design (Paz et al., 2004b). It can also be seen that the maximum growth rate
of P. reticulatum (Table 5, Fig. 3), together with the value of cellular density at 22 days of
culture, is positively aﬀected by the temperature and by the joint eﬀect TI. In respect of
YTX production, its speciﬁc rate appears to be negatively aﬀected by increased salinity
(Table 6, Fig. 4). Taking into account the fact that salt is an interference factor for chro-
matography analysis this is a positive result, because good growth in batch cultures can be
obtained using lower levels of salt than are present in seawater.
The growth of some other dinoﬂagellates such as C. polykrikoides is also inﬂuenced by
high temperature and salinity, with temperature being the most important factor in its
interaction (Kim et al., 2004). High irradiance is also a positive factor (Kim et al.,
2004). For G. catenatum high temperature, salinity and irradiance are also positive factors
for growth (Yamamoto et al., 2002). However for both dinoﬂagellates, only the interaction
between temperature and salinity was evaluated.
For the purpose of summarizing the data another complete case is shown in Table 7,
with all the results for the factorial design and the signiﬁcance tests of the equations sum-
marized in Table 4. The corresponding graphic representations are illustrated in Fig. 5.
The positive eﬀect of the irradiance and the joint eﬀect of the three variables in theTable 5
Results of factorial design and tests of signiﬁcance for model (R = 1229 + 227T + 653I + 193TI)
T S I R R^ Coeﬃcients t Model
1 1 1 527.2 542.0 1228.56 26.4 1229
1 1 1 310.2 542.0 227.04 4.0 227 T
1 1 1 1378.8 1461.0 4.98 0.1 NS S
1 1 1 1296.6 1461.0 652.65 11.4 653 I
1 1 1 572.6 609.8 69.85 1.2 NS TS
1 1 1 400.4 609.8 193.15 3.4 193 TI
1 1 1 2134.5 2301.4 6.23 0.1 NS SI
1 1 1 2221.7 2301.4 27.47 0.5 NS TSI
0 0 0 1592.2 1228.6 Average value 1228.56
0 0 0 1358.4 1228.6 Expected average value 1475.18
0 0 0 1315.8 1228.6 Var(Ee) 26023.73
0 0 0 1634.4 1228.6 t (a < 0.05;t = 3) 3.18
SS t MS
Model 4118469.4 3 1372823.1 MSM/MSE = 22.48 F 38 ða ¼ 0:05Þ ¼ 4:07
Error 488582.8 8 61072.9 MSMLF/MSM = 0.41 F 83 ða ¼ 0:05Þ ¼ 8:85
Exp. error 78071.2 3 26023.7 MSE/MSEe = 2.35 F 83 ða ¼ 0:05Þ ¼ 8:85
Lack of ﬁtting 410511.6 5 82102.3 MSLF/MSEe = 3.16 F 53 ða ¼ 0:05Þ ¼ 9:01
Total 4607052.2 11 r2 = 0.894
r2adjusted ¼ 0:854
R: values of vm; R^: values of vm estimates from equation (R = 1229 + 227T + 652I + 193TI); NS: not signiﬁcative
coeﬃcient; SS: sum of squares; t: degrees of freedom; MS: mean squares; MSM: mean squares model; MSE:
mean squares for error; MSMLF: mean squares model for lack of ﬁt; MSEe: mean squares for experimental
error.
Table 6
Results of factorial design and tests of signiﬁcance for model (R = 0.14 + 0.01I  0.02S + 0.02SI)
T S I R R^ Coeﬃcients t Model
1 1 1 0.147 0.157 0.14 40.3 0.14
1 1 1 0.094 0.093 0.01 2.1 NS T
1 1 1 0.139 0.154 0.02 3.9 0.02 S
1 1 1 0.122 0.151 0.01 3.2 0.01 I
1 1 1 0.084 0.093 0.00 0.2 NS TS
1 1 1 0.158 0.157 0.01 2.1 NS TI
1 1 1 0.160 0.154 0.02 3.6 0.02 SI
1 1 1 0.172 0.151 0.01 1.5 NS TSI
0 0 0 0.164 0.139 Average value 0.1388
0 0 0 0.150 0.139 Expected average value 0.1478
0 0 0 0.139 0.139 Var(Ee) 0.0001
0 0 0 0.138 0.139 t (a < 0.05;t = 3) 3.1824
SS t MS
Model 0.0055 3 0.0018 MSM/MSE = 5.85 F 38 ða ¼ 0:05Þ ¼ 4:07
Error 0.0025 8 0.0003 MSMLF/MSM = 0.52 F 83 ða ¼ 0:05Þ ¼ 8:85
Exp. error 0.0004 3 0.0001 MSE/MSEe = 2.22 F 83 ða ¼ 0:05Þ ¼ 8:85
Lack of ﬁtting 0.0021 5 0.0004 MSLF/MSEe = 2.95 F 53 ða ¼ 0:05Þ ¼ 9:01
Total 11 r2 = 0.687
r2adjusted ¼ 0:570
R: values of speciﬁc production rate of yessotoxin; R^: values of speciﬁc production rate of yessotoxin estimates
from equation (R = 0.14 + 0.01I  0.02S + 0.02SI); NS: not signiﬁcative coeﬃcient; SS: sum of squares; t:
degrees of freedom; MS: mean squares; MSM: mean squares model; MSE: mean squares for error; MSMLF:
mean squares model for lack of ﬁt; MSEe: mean squares for experimental error.
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Fig. 3. Response surface corresponding to the joint eﬀect of irradiance (I) and temperature (T) on the maximum
growth rate (vm) of Protoceratium reticulatum according to the equation described in Table 5. Independent
variables are expressed in codiﬁed values.
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Fig. 4. Response surface corresponding to the joint eﬀect of irradiance (I) and salinity (S) on the speciﬁc rate of
yessotoxin production (r) according to the equation described in Table 6. Independent variables are expressed in
codiﬁed values.
Table 7
Results of factorial design and tests of signiﬁcance for model (R = 28.85  4.47S + 12.06I + 3.49TSI)
T S I R R^ Coeﬃcients t Model
1 1 1 17.72 17.76 28.85 34.1 28.85
1 1 1 7.99 15.82 2.62 2.5 NS T
1 1 1 48.58 48.88 4.47 4.3 4.47 S
1 1 1 31.85 32.96 12.06 11.6 12.06 I
1 1 1 13.78 8.83 2.15 2.1 NS TS
1 1 1 28.88 24.75 1.62 1.6 NS TI
1 1 1 39.31 41.89 1.74 1.7 NS SI
1 1 1 45.14 39.94 3.49 3.4 3.49 TSI
0 0 0 24.47 28.85 Average value 28.854
0 0 0 27.54 28.85 Expected average value 28.252
0 0 0 31.14 28.85 Var(Ee) 8.593
0 0 0 29.87 28.85 t (a < 0.05;t = 3) 3.182
SS t MS
Model 1421.18 3 473.73 MSM/MSE = 22.97 F 38 ða ¼ 0:05Þ ¼ 4:07
Error 165.00 8 20.63 MSMLF/MSM = 0.41 F 83 ða ¼ 0:05Þ ¼ 8:85
Exp. error 25.779 3 8.59 MSE/MSEe = 2.40 F 83 ða ¼ 0:05Þ ¼ 8:85
Lack of ﬁtting 139.224 5 27.85 MSLF/MSEe = 3.24 F 53 ða ¼ 0:05Þ ¼ 9:01
Total 11 r2 = 0.896
r2adjusted ¼ 0:857
R: values of yessotoxin to 16 days of culture; R^: values of yessotoxin to 16 days of culture estimates from equation
(R = 28.85  4.47S + 12.06I + 3.49TSI); NS: not signiﬁcative coeﬃcient; SS: sum of squares; t: degrees of
freedom; MS: mean squares; MSM: mean squares model; MSE: mean squares for error; MSMLF: mean squares
model for lack of ﬁt; MSEe: mean squares for experimental error.
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Fig. 5. Response surfaces corresponding to the joint eﬀect of irradiance (I), temperature (T) and salinity (S) on
the yessotoxin production according to the equation described in Table 7. Independent variables are expressed in
codiﬁed values.
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TSI interaction is.
On the other hand, the low values of r2adjusted that were obtained in some cases (Table 4),
for example in the maximum cellular density, limit the practical utility of these models.
Hence, in cases with r2 = 0.555, the variables used in the experimental design are only able
to explain 56% of the corresponding empiric equation. The low level of explanation provided
by some equations are likely to be caused by the eﬀect of variables which are not included in
the experimental design and are therefore numerically hidden in the independent terms of
the equation, as well as the high experimental variability associated with the replicates
in the centre of the experimental domain (Table 2). These variables could be small diﬀer-
ences in sampling time, intensity of shaking before sampling, variation in the irradiance
as a result of unknown causes or the common inoculum used for all cultures. Although a
period of acclimatization is desirable to adapt the culture to the experimental conditions
(Anderson et al., 1990), we used the same inoculum because it is very diﬃcult to synchronize
cultures in diﬀerent experimental conditions and initiate all cultures on the same day.
The high variability between cultures and some of the low correlation coeﬃcients
obtained in the experiment could be explained by the long time required for the develop-
ment of dinoﬂagellate cultures (weeks) compared with microbial cultures (hours). Low
correlation may also be due to the inherent variability inside dinoﬂagellate culture and
the major sensitivity of cultures to a lot of factors. This could explain why in the ﬁeld dino-
ﬂagellate cultures factorial designs have been little used until now. Better correlation coef-
ﬁcients could be obtained improving the factorial design.
In summary, the results reveal that in practically all the cases for both, P. reticulatum
growth and YTX production, irradiance is the primary independent variable having a
positive eﬀect in the range 50–90 lmol photons m2 s1. Additionally, in some speciﬁc
cases, temperature has a positive eﬀect when maintained between 15 and 23 C while salin-
ity has a negative inﬂuence in the range of 20–34.
B. Paz et al. / Marine Environmental Research 62 (2006) 286–300 299Although the conditions were optimized only in the studied range and not every possi-
ble factor was tested, this study is a step forward in evaluating the combined eﬀect of dif-
ferent factors on P. reticulatum growth and YTX production by means of a factorial
designs. New factorial designs can be applied in future studies to elicit the overall eﬀect
of diﬀerent ranges of the same or other factors.
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Seven strains of Protoceratium reticulatum isolated from Spain and the USA were cultured in the laboratory.
Yessotoxins (YTXs) quantiﬁcation and toxin proﬁle determination were performed by LC–FLD and LC–MS/MS.
The four Spanish strains were found to produce YTX and known YTX analogs, however, YTX was not detected in any of
the three USA strains. Among the strains that produced YTXs, toxin production ranged between 2.9 and 28.6 pg/cell. The
YTX proﬁle was substantially different between strains, in three out of the four Spanish strains YTX was the main toxin
and in the fourth homoYTX was the prominent toxin. This work demonstrates that YTX is not always the main toxin in
P. reticulatum and a high variability in YTX amounts and proﬁle found in other locations is conﬁrmed.
r 2007 Elsevier Ltd. All rights reserved.
Keywords: Protoceratium reticulatum; Strains; YTXs; HomoYTXs; LC–FLD; LC–MS/MS; Toxin proﬁle1. Introduction
Yessotoxins (YTXs), a group of disulphated
polyether toxins, are mainly produced by the
dinoﬂagellate Protoceratium reticulatum (Clapare`de
et Lachmann) Bu¨tschli ( ¼ Gonyaulax grindleyi
Reinecke) and have been reported in strains from
New Zealand (Satake et al., 1997), Japan (Satake
et al., 1999), Norway (Ramstad et al., 2001; Samdal
et al., 2004), Italy (Ciminiello et al., 2003b), UK,
Canada (Stobo et al., 2003) and Spain (Paz et al.,
2004). YTXs are accumulated in shellﬁsh and arefront matter r 2007 Elsevier Ltd. All rights reserved
icon.2007.02.005
ng author. Current Address: Instituto Espan˜ol de
entro Oceanogra´ﬁco de Vigo, Apdo. 1552, 36280
pain. Tel.: +34 986 492111; fax: +34 986 498626.
ss: beatriz.paz@vi.ieo.es (B. Paz).toxic to mice when injected intraperioneally (Aune
et al., 2002; Tubaro et al., 2003), causing false
positives in the mouse bioassay for diarrhetic
shellﬁsh poisoning (DSP). YTXs have been found
to be nondiarrhoeic toxins to humans (Tubaro
et al., 1998; De la Rosa et al., 2001; Alfonso et al.,
2003) but have been found to be potent cytotoxins
(Bianchi et al., 2004; Konishi et al., 2004; Pe´rez-
Go´mez et al., 2006). The European Union estab-
lished a maximum level permitted in shellﬁsh of
1mg/Kg (CEE, 2002). YTXs have been detected in
shellﬁsh in Japan (Murata et al., 1987), Norway
(Aesen et al., 2005), Chile, New Zealand (Yasumoto
and Takizawa, 1997), Italy (Yasumoto and Takiza-
wa, 1997; Ciminiello et al., 2003a) and Spain
(Are´valo et al., 2004; Mallat et al., 2006)..
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analogs, which have recently been discovered and
isolated. The existence of about 100 analogs in
P. reticulatum have been reported, although only
the structure of about 22 of them have been
identiﬁed (Miles et al., 2006a). The YTX production
and toxin proﬁle in different P. reticulatum strains
have been found to be dependent on the origin of
the strain (Ciminiello et al., 2003b; Eiki et al., 2005;
Samdal et al., 2006). For instance trinorYTX, the
ﬁrst analog discovered in algae (Satake et al., 1999),
was detected in Japanese (Satake et al., 1999) and
Norwegian (Samdal et al., 2006) strains, but not in
New Zealand strains (Miles et al., 2005a). Other
YTX analogs, 1a-homoYTX, noroxoYTX, 45-
hydroxyYTX and carboxyYTX, have been found
in one Italian strain (Ciminiello et al., 2003b). But
there is some disagreement about the occurrence of
45-hydroxyYTX and carboxyYTX in algae, because
evidence suggests that they are produced mainly by
the metabolism in shellﬁsh (Aesen et al., 2005). In a
New Zealand strain, which was studied in depth, a
complex YTX proﬁle has been reported with a wide
range of analogs not detected until now in any other
strains such as 40-epi-YTX and YTX-enone isomers
of noroxoYTX (Miles et al., 2004), 41a-homoYTXs,
9-methyl-41a-homoYTXs, nor-ring-A-YTXs (Miles
et al., 2005a), 44,55-dihydroxyYTXs derived from
41a-homoYTX and 9-methyl-41a-homoYTX
(Finch et al., 2005), hidroxy-amideYTXs derived
from the 41a-homoYTXs and 9-methyl-41a-homo-
YTX (Miles et al., 2005b), 45-OHdinorYTX,
oxotrinorYTXs (Miles et al., 2006a). The 32-O-
mono- and di-glycosylYTXs were detected in strains
from Japan, Spain and New Zealand (Cooney et al.,
2003; Souto et al., 2005; Miles et al., 2006b) and the
32-O-mono, -di- and -tri-arabinosides of 1a-homo-
YTX, until now, were only detected in two strains
isolated in Japan (Konishi et al., 2004). In other
Japanese strains the trinorhomoYTX was also
detected (Satake et al., 2006). Nevertheless, in spite
of the high variability in the reported YTX proﬁle, it
seems that the major toxin in P. reticulatum is
usually YTX, and only homoYTX, together with
32-O-mono, -di- and -tri-arabinosides of 1a-homo-
YTX, which was found to be the main toxin in two
Japanese strains (Konishi et al., 2004). Moreover,
the amount of YTXs produced by each strain was
different, ranging from 0 to 34 pg/cell. This varia-
bility in production could be due to the strain, but
also due to the different culture conditions, method
of extraction or method of analysis used (Stoboet al., 2003; Eiki et al., 2005; Samdal et al., 2006). It
is also assumed that YTX amounts and proﬁle in
shellﬁsh are dependent on the proﬁle of each
dinoﬂagellate strain.
Therefore investigation of different strains, re-
garding the YTXs proﬁle, the amounts of toxin
produced and its possible release into the medium, is
essential in order to determine the potential toxicity
of each P. reticulatum strain. Taking this into
account, the present study has focused on the
determination of YTX production and YTX proﬁle
in several Spanish and USA strains of P. reticulatum.2. Material and methods
2.1. Cultures
The seven strains of P. reticulatum, used in this
study, were obtained from the collection of phyto-
plankton cultures at the Centro Oceanogra´ﬁco in
Vigo. Strains VGO757, VGO758 and VGO764 were
isolated from cysts in the Lagoon El Alfacs (Delta
del Ebro, Spain). The other four strains were
isolated from cells, GG1AM in La Atunara, (Ca´diz,
Spain), CCMP404 in Salton Sea (California, USA),
CCMP1720 and CCMP1721 in Biscaney Bay
(Florida, USA) (Table 1).
The species of the USA strains were identiﬁed in
the CCMP and the species of the Spanish strains
were identiﬁed in the CCVIEO: GG1AM strain by
Santiago Fraga and VGO 757, 758 and 764 by
Isabel Bravo. In order to calculate the biovolume,
cells were assumed to be spheres and their diameters
were measured with the aid of a micrometer
eyepiece using the average value between length
and width, n ¼ 30. ANOVA (po0.05) was used to
compare the cell volume of the different strains.
All of the cultures were grown in 3L Erlenmeyer
ﬂasks containing 2L of L1 medium without silicates
(Guillard and Hargraves, 1993). Cultures were
inoculated with 35–65mL (500 cells/mL) in the
exponentially growing phase of each P. reticulatum
strain, maintained at 1971 1C, at a salinity of 30
and under an irradiance of 100–125 mmol photons/
m2  s on a 12:12 h light:darkness regime. Cultures
were gently shaken once a day. To determine cell
yield, 5mL aliquots of samples were collected when
cultures reached the stationary phase at 31–33 days
(Table 1). Cells were ﬁxed with Lugol’s solution and
were counted by optical microscopy in a Sedge-
wick–Rafter chamber.
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Table 1
Location, yield and YTX contents in Protoceratium reticulatum strains by LC–FLD analyses
Strain Location Yiel Culture YTXs cells YTXs medium Total YTXs % YTXs
(Cell/mL) Days (pg/cell) (ng/mL) (pg/cell) (pg/cell) (cells)
VGO758 Els Alfacs (Delta Ebro, Spain) 9700 31 18.7 93.01 10.0 28.6 65
VGO764a Els Alfacs (Delta Ebro, Spain) 24180 31 18.2a 54.73a 2.3a 20.5a 89
VGO757 Els Alfacs (Delta Ebro, Spain) 18633 31 14.3 19.41 1.0 15.3 93
GG1AM La Atunara (Ca´diz, Spain) 16275 31 1.8 18.34 1.1 2.9 62
CCMP404 Salton Sea (California, USA) 5727 33 — — — — —
CCMP1720 Biscayne Bay (Florida, USA) 4396 33 — — — — —
CCMP1721 Biscayne Bay (Florida, USA) 5940 33 — — — — —
aIt was determined by LC–MS analyses that the main toxin in VGO764 strain is homoYTX. HomoYTX amount was calculated
assuming that homoYTX gave the same molar response than YTX.
B. Paz et al. / Toxicon 50 (2007) 1–17 32.2. YTXs extraction
YTXs were extracted from cells and culture
medium, separately. For this purpose, 50mL
aliquots of each culture were harvested in the
stationary phase, which was reached at 31–33 days
depending on the strain (Table 1) and were ﬁltered
through 1.4 mmGF/C glass ﬁber ﬁlters (25mm
diameter) (Whatman, Maidstone, England). The
cells in the ﬁlter were extracted twice with MeOH.
The MeOH cell extract and the ﬁltered culture
medium were respectively loaded onto two different
Sep-Pak C18 light cartridges (Waters USA) for the
puriﬁcation of YTXs in solid phase (SPE). Car-
tridges were washed with 4mL of 20% MeOH and
YTXs were eluted using 4mL of 70% MeOH. This
fraction was dried under a N2 stream and re-
suspended in 0.5mL of MeOH for LC–MS analysis
or derivatized with DMEQ-TAD, re-suspended in
MeOH and ﬁnally quantiﬁed by LC–FLD (Paz
et al., 2006).
In previous studies it has been found that toxin is
released into the medium. The proportion of toxin
between medium and cells varies depending on the
culture phase (Paz et al., 2004, 2006). Therefore all
the toxin produced by cells in terms of pg/cell, was
determined as the sum of YTXs in both culture
medium and cells.
2.3. Toxin analysis by LC– FLD
YTX determination and quantiﬁcation were
performed by LC–FLD. Analysis was carried out
by a system equipped with a Hitachi L-6200 A
pump, a Jasco FP-920 ﬂuorescence detector, a
Hitachi AS-4000 autosampler and a Lichrospher
100 RP18 5 mm (4.6 125mm) cartridge column. Amobile phase of 100mM ammonium acetate, pH
5.8:MeOH (3:7) at a ﬂow rate of 0.75mL/min and
35 1C column temperature, was used. The excitation
and emission wavelengths were 370 and 440 nm,
respectively (Yasumoto and Takizawa, 1997; Paz
et al., 2004).
2.4. Toxin analysis by LC– MS
For YTXs identiﬁcation a LC–MS system was
used. The separation column was an Xterra MS C18
5 mm (2.1 150mm) cartridge at 35 1C. As mobile
phase 2mM ammonium acetate (pH 5.8) (A) and
MeOH (B), in a gradient elution (40–30% A in
5min, 30–20% A in 5min, followed by 5min with
20% A, then 20–0% A in 5min and 0% A for
2min), were used. As ﬂow rate and injection
volume, 0.20mL/min and 10 mL were used, respec-
tively. Mass spectral measurements were performed
using an ion trap mass spectrometer, Thermo
Finnigan LCQ-Advantage, equipped with a micro-
electrospray ionization (mESI), in negative ion
mode. ESI was performed with a 4.5 kV spray
voltage and 200 1C capillary temperature, ﬂow
15mL/min for sheath gas and 5mL/min for
auxiliary gas. Full scan data were acquired from
m/z 500 to 2000. MS spectrum shifted prominent
ions at m/z [M-H], [M-2H+Na] and [M-2H]2,
in different proportions depending on the YTX
analog. Therefore for MS quantiﬁcation the three
prominent ions for each analog were selected. The
contribution percentages of each analog to the total
YTXs production for medium and cells were
calculated, separately. Subsequent LC–MS3 for
YTXs were performed by applying a supplementary
voltage (Collision Energy, CE) of 35% and 40% on
the [M-H] ion.
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Fig. 1. ANOVA (o0.05) analyses for cell biovolume  103 mm3
of the Protoceratium reticulatum strains used in this study.
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LC–MS a YTX standard purchased from the
Institute of Environmental Science and Research
Limited (New Zealand), a 45-OHYTX and carbox-
yYTX standards provided by Professor T. Yasu-
moto and a G-YTXA extract puriﬁed from cells of
P. reticulatum (Souto et al., 2005) were used. The
same YTXs standards were used for homoYTXs
identiﬁcation because homoYTXs eluted in the
same retention times as YTX homologues and the
fragmentation pattern is superimposable on that of
YTXs, but shifted in 14 mass units (Ciminiello et al.,
2003b). However quantiﬁcation was performed
using just the YTX standard, due to the lack of
appropriate standards for all the YTX and homo-
YTX analogs detected. The assumption was made
that all the analogs would give the same molar
response as YTX.
3. Results and discussion
3.1. Cultures of P. reticulatum
Under the culture conditions used in the current
study, the seven strains of P. reticulatum achieved
the stationary phase in about 31–33 days depending
on the strain. The cell yield ranged among strains
between 4396 and 24180 cell/mL. The lowest cell
density was achieved by CCMP404 and the highest
by VGO764 (Table 1).
The cell biovolume ranged from 3.7 to
12.4 103 mm3. The strain with smallest volume
was VGO764 and the highest was CCMP1720
(Fig. 1). No signiﬁcant differences (po0.05) in cell
biovolume were found among the strains
CCMP1720, CCMP1721 and CCMP404, the same
occurred among the strains GG1AM, VGO757 and
VGO758. However, signiﬁcant differences (po0.05)
in biovolume were found between the strains
CCMP1720, CCMP1721 and CCMP404 with re-
gard to the strains GG1AM, VGO757, VGO758
and VGO764 (po0.05). Furthermore there were
signiﬁcant differences (po0.05) between the strains
GG1AM, VGO757 and VGO758 with regard to
VGO764. (Fig. 1).
3.2. LC– FLD determination and quantification of
YTX
Chromatographic analysis of the SPE 70%
MeOH fraction of both, medium and cells showed
the characteristic double peak for derivatized YTXonly in the four Spanish strains. Comparison with
the retention time of the YTX standard (Fig. 2),
demonstrated YTX production by the four Spanish
strains: GG1AM, VGO758, VGO757 and VGO764
(Fig. 2). The three USA strains: CCMP404,
CCMP1720 and CCMP1721, were conﬁrmed as
not producing YTXs (Fig. 2). Owing to the fact
some reported YTX analogs are more polar than
others (Miles et al., 2005a), the 20%MeOH fraction
of the SPE puriﬁcation was analysed, but deriva-
tized YTXs were not detected in any of the strains.
Total toxin production differed from strain to
strain, between 2.9 and 28.6 pg/cell. The least
productive one was GG1AM and the most was
VGO758, whereas YTX was not detected in strains
CCMP404, CCMP1720 and CCMP1721 (Table 1).
Under the current culture conditions YTX was
found both, inside cells and in the culture medium,
at the end of the culture. In all the strains most of
the toxin remains inside the cells, in differring
percentages, depending on the strain (Table 1). In
VGO758 and GG1AM strains the quantity of toxin
released into the culture medium represents 35%
and 38% of total toxin, respectively (Table 1), this
being a considerable amount. These percentages are
not a permanent characteristic of the strains,
because cellular content of toxin is subject to culture
conditions and varies substantially depending on
the culture phase (Paz et al., 2004, 2006).
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Fig. 2. LC–FLD chromatograms of cells from Protoceratium reticulatum strains: 6 ng of YTX standard, GG1AM, VGO758, VGO757,
VGO464, CCPM404, CCMP1720 and CCMP1721. Similar chromatograms were obtained for culture medium.
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YTX to those found in isolates from Japan, Italy or
New Zealand, determined by LC–FLD or LC–MS,
in which the YTX content ranged from 0.3 to
15.7 pg/cell (Satake et al., 1999; Boni et al., 2000;
Stobo et al., 2003; Ciminiello et al., 2003b; Eiki
et al., 2005; Mitrovic et al., 2005; Rhodes et al.,
2006) (Table 2). Nevertheless, amounts of YTX
detected were lower to that obtained in some New
Zealand and Norwegian strains, 30–34 pg/cell,
determined by ELISA (Samdal et al., 2004)
(Table 2). It has been reported that differences in
toxin concentration, were due to different analyticalmethods employed, because some YTX analogs
were quantiﬁed by ELISA but not by LC–MS or
LC–FLD (Samdal et al., 2005). The antibodies used
in the ELISA analysis have a broad cross-reactivity
with most of the YTX analogs, therefore ELISA
detects all the YTX analogs jointly. Therefore
samples with a mixture of analogs will give a higher
result when analysed by ELISA than with chemical
methods (LC–MS or LC–FLD) in which some of
the YTX analogs may not be quantiﬁed, because
they are determined separately. Taking this into
account, it is likely that the productivity of those
strains analysed by different analytical methods
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Table 2
Some of the reported YTX concentration in different Protoceratium reticulatum strains
P. reticulatum strain Location Analysis technique YTXs Reference
(pg/cell)
Yamada Bay Japan LC–FLD 14 Satake et al. (1999)
Harina Nada Japan LC–FLD n.d. Satake et al. (1999)
New Zealand New Zealand LC–FLD 3.0 Satake et al. (1999)
Mutsu Bay Japan LC–FLD 0.9–11 Eiki et al. (2005)
Emilia-Romagna Italy LC–FLD 15.7 Boni et al. (2000)
UW351 UK LC–MS 0.3 Stobo et al. (2003)
UW409 Canada LC–MS 5 Stobo et al. (2003)
Adriatic Italy LC–MS 11.4 Ciminiello et al. (2003b)
CAWD40 New Zealand LC–MS 10–15 Mitrovic et al. (2005)
CAWD40 New Zealand ELISA 30 Samdal et al. (2004a)
AP2 Norway ELISA 19–22 Samdal et al. (2004a)
Sognfj03 Norway ELISA 19–34 Samdal et al. (2004a)
CAWD40 New Zealand ELISA 8.3 Rhodes et al. (2006)
CAWD127 New Zealand ELISA n.d. Rhodes et al. (2006)
B. Paz et al. / Toxicon 50 (2007) 1–176were in similar ranges. Consequently, to compare
results it is essential that they be obtained with the
same technique. The absence of YTX in some
P. reticulatum strains has also been reported in
New Zealand in the strain CAWD127 (Rhodes
et al., 2006) and in Harina Nada, Japan (Satake
et al., 1999) (Table 2).
Despite the LC–FLD method being effective for
quantiﬁcation and detection of YTX and some
YTX analogs, it is not able to detect analogs
without a conjugated diene in the side chain, as in
carboxyYTX, carboxyhomoYTX, adriatoxin or
diOHYTXs. Another disadvantage is that homo-
YTXs peaks overlap with YTXs peaks and are
indistinguishable. To elucidate the presence of
YTXs analogs in the samples it was necessary to
apply the LC–MS/MS analysis.
3.3. LC– MS/MS identification of YTXs
Identiﬁcation of YTX analogs were performed by
LC–MS and MS3. The two fractions harvested in
the SPE cleanup from both, culture medium and
cells were analysed. YTXs were only detected in the
70% MeOH fraction. The Spanish strains VGO757,
VGO758 and GG1AM showed a similar toxin
proﬁle, in which YTX was the main toxin, together
with small quantity of YTX analogs (Fig. 3). In
contrast, in the VGO764 strain the homoYTX was
the main toxin and the minor components deter-
mined were analogs of the homoYTX (Fig. 4). As
was previously determined by LC–FLD, YTX or
any of the analogs were not found in the USAstrains. Retention time and spectrum of injected
standards used for LC–MS assignment are shown in
Fig. 5.
3.3.1. Profile of toxin in strains VGO757, VGO758
and GG1AM
LC–MS and MS3 analysis of VGO757, VGO758
and GG1AM strains revealed the presence of YTX
with m/z 1141 (11.18min) as the main toxin,
together with noroxoYTX-enone at m/z 1047
(8.12min), 32-O-monoglycosylYTX at m/z 1273
(10.45min), two unknown YTX analogs with m/z
1173 (8.08min) and with m/z 1157 (9.15min),
respectively. Also trace amounts of 44,55-diOH-
41a-homoYTX at m/z 1189 ( 8.61min), 32-O-
diglycosylYTX at m/z 702 (9.72min) and homo-
YTX with m/z 1155 (11.12min) (Tables 3 and 4)
were detected. Without ruling out the possibility
that these strains also contain other known and
unknown YTX analogs. The assignment of these
analogs is described below.
Ion m/z 1173 [M-H] (8.08min): This ion was the
ﬁrst detected by LC–MS analyses (Fig. 3a). The
extracted ion chromatogram also showed promi-
nent ions at m/z 587 [M-2H]2 and m/z 1195
[M-2H+Na]. MS2 fragmentation of the m/z 1173
[M-H] ion gave an ion at m/z 1093 [M-SO3H]
.
Additional MS3 fragmentation originated ions at
m/z 924 and 855 (Fig. 6a). This daughter ions
scheme was consistent with the characteristic
fragmentation of the YTX side chain (Fig. 7). The
retention time was different to that of carboxyYTX
(4.69min) (Fig. 5a). The mass and fragmentation
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Fig. 3. Selected ion chromatograms and mass spectra obtained from negative LC–MS analyses of culture medium extract from
Protoceratium reticulatum VGO758 strain. (a) at m/z 1173 [M-H] for a YTX analog, (b) at m/z 1047 [M-H] for noroxoYTX-enone, (c)
at m/z 1157 [M-H] for a YTX analog, (d) at m/z 636 [M-2H]2 plus 1273 [M-H] for 32-O-monoglycosilYTX, (e) at m/z 1141 [M-H]
for YTX. Similar YTX pattern was obtained for GG1AM and VGO757 strains.
B. Paz et al. / Toxicon 50 (2007) 1–17 7pattern indicates that this compound with m/z 1173
[M-H] should be the carboxiYTX, but the different
retention time to that of carboxyYTX standard
suggests that there is an unknown toxin belonging
to the YTX group. A similar YTX analog was
previously detected in algal samples, but its
structure remains unidentiﬁed (Miles et al., 2005a).
More structural studies will be necessary in order to
fully identify this YTX analog.
Ion m/z 1047 [M-H] (8.12min): This was the
second compound detected by LC–MS (Fig. 3b) and
showed the same mass as that of the three
ketoYTXs ( ¼ noroxoYTX) (Ciminiello et al.,2003b; Miles et al., 2004). A common fragment
at m/z 967 [M-SO3H]
 for ketoYTXs was
obtained in the MS2 analyses of the m/z 1047
[M-H] ion. The MS3 fragmentation of 967
[M-SO3H]
 ion was difﬁcult and only a very weak
ion at m/z 883 was obtained (Fig. 7b), even when
applying a high CE of 50. This fragment indicates
that the m/z 1047 ion was the 1,3-enone isomer of
heptanor-41-oxoYTX ( ¼ noroxoYTX-enone) (Miles
et al., 2004) and not any of the other ketoYTX
analogs (heptanor-41-oxoYTX or 40-epi-heptanor-
41-oxoYTX) (Ciminiello et al., 2002a; Miles et al.,
2004).
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Fig. 4. Selected ion chromatograms and mass spectra obtained from negative LC–MS analyses of culture medium extract from
Protoceratium reticulatum VGO764 strain. (a) at 1187 [M-H] for a homoYTX analog, (b) at m/z 1061 [M-H] for noroxohomoYTX-
enone, (c) at m/z 1203 [M-H] for 44,55-diOH-9Me-41a-homoYTX? in the cell extract, (d) at m/z 1171 [M-H] for a homoYTX analog,
(e) at m/z 709 [M-2H]2 plus 1441 [M-2H+Na] for 32-O-diglycosilhomoYTX, (f) at m/z 643 [M-2H]2 plus 1287 [M-H] for 32-O-
monoglycosilhomoYTX and (g) at m/z 1155 [M-H] for homoYTX.
B. Paz et al. / Toxicon 50 (2007) 1–178
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Fig. 5. Selected ion chromatograms and mass spectra obtained from negative LC–MS analyses of YTXs standards. (a) at m/z 1173 [M-M-
H] for carYTX, (b) at m/z 1157 [M-H] for 45-OHYTX, (c) at m/z 636 [M-2H]2 plus 1273 [M-H] for 32-O-monoglycosilYTX and (d)
at m/z 1141 [M-H] for YTX.
Table 3
Contribution percentage of each analog detected by LC–MS3 analyses in culture medium of the Protoceratium reticulatum strains
Rt m/z YTXs Culture medium Abundance (%)
Analog GG1AM VGO758 VGO757 VGO764
8.08 1173, 586 carboxiYTXanalog? 1.30 1.03 0.47 —
7.97 1187, 594 carboxihomoYTXanlog? — — — 0.75
8.12 1047 noroxoYTX-enone 0.98 1.04 0.97 —
8.03 1061 noroxohomoYTX-enone — — — 1.44
8.61 1189, 594 44,55-diOH-41a-homoYTX tr — tr —
8.68 1203, 601 44,55-diOH-9Me-41a-homoYTX — — — tr
9.15 1157, 578 45-OHYTXanalog? 1.05 1.18 0.58 —
9.18 1171, 585 45-OHhomoYTXanalog? — — — 1.00
9.72 1427, 702 32-O-diglycosylYTX tr tr — —
9.78 1441a, 709 32-O-diglycosylhomoYTX — — — 0.39
10.45 1273, 636 32-O-monoglycosylYTX 3.95 0.22 0.38 —
10.34 1287, 643 32-O-monoglycosylhomoYTX — — — 0.51
11.18 1141, 570 YTX 92.72 96.54 97.60 —
11.12 1155, 577 homoYTX tr tr tr 95.92
For each analog is given the retention time (Rt), m/z values for [M-H] and [M-2H]2 ions, respectively, the name for the analog and the
relative abundance observed in the LC–MS analyses. In bold, predominant pseudomolecular ion, tr ¼ traces.
aFor this case the m/z is for the [M-2H+Na] ion.
B. Paz et al. / Toxicon 50 (2007) 1–17 9
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Table 4
Contribution percentage of each analog detected by LC–MS3 analyses in cells in the analysed Protoceratium reticulatum strains
Rt m/z YTXs cells Abundance (%)
Analog GG1AM VGO758 VGO757 VGO764
8.12 1047 noroxoYTX-enone 0.51 0.13 0.11 —
8.08 1061 noroxohomoYTX-enone — — — 0.10
8.61 1189, 594 44,55-diOH-41a-homoYTX — — tr —
8.68 1203, 601 44,55-diOH-9Me-41a-homoYTX — — — 0.44
9.20 1157, 578 45-OHYTXanalog? 0.89 0.18 0.31 —
9.16 1171, 585 45-OHhomoYTXanalog? — — — 0.19
10.38 1273, 636 32-O-monoglycosylYTX 1.42 0.42 0.23 —
10.36 1287, 643 32-O-monoglycosylhomoYTX — — — 0.09
11.18 1141, 570 YTX 97.18 99.28 99.34 —
11.10 1155, 577 homoYTX — — — 99.17
For each analog is given the retention time (Rt), m/z values for [M-H] and [M-2H]2 ions, respectively, the name for the analog and the
relative abundance observed in the LC–MS analyses. In bold, predominant pseudomolecular ion, tr ¼ traces.
B. Paz et al. / Toxicon 50 (2007) 1–1710Ion m/z 1157 [M-H] (9.15min): The extracted
ion peak also showed prominent ions at m/z 578
[M-2H]2 and m/z 1179 [M-2H+Na]. The se-
lected-ion plot at m/z 1157 [M-H] gave a short,
wide peak, as if there were several compounds with
the same mass eluting at different times (Fig. 3c).
An inspection of the MS/MS spectrum of the peak
showed the typical fragmentation pattern of the
45-OHYTX: MS2 of m/z 1157 [M-H] ion dis-
played a daughter ion at m/z 1077 [M-SO3H]
, and
MS3 of this gave the m/z ions at m/z 924, 855 and
713 (Fig. 6c). Retention time did not show
coincidence with 45-OHYTX standard (8.32min)
(Fig. 6). This suggests the presence of a YTX analog
different to 45-OHYTX. This is supported by
the fact that most studies have indicated that
45-OHYTX is produced only by metabolism in
shellﬁsh. There was one study in which 45-OHYTX
was found in algae (Ciminiello et al., 2003b), but
chromatographic peaks for YTX analogs showed
closed retention times, therefore 45-OHYTX stan-
dard and the m/z 1157 [M-H] ion are practically
indistinguishable. A series of four YTX analogs
with m/z 1157 [M-H], and different to 45-
OHYTX, have also been found by Miles et al.
(2004), however structures have not been deter-
mined yet. It is possible that our unknown YTXs at
m/z 1157 [M-H] might be the same as that
mentioned by Miles et al. (2004) because their
fragmentation pattern and chromatographic beha-
viour were similar.
Ion m/z 1273 [M-H] (10.40min): For this
compound the prominent ion was di-charged at
m/z 636 [M-2H]2 (Fig. 3d) and the m/z 1295[M-2H+Na] ion appeared at very low intensity.
The MS2 of m/z 1273 [M-H] gave the ion at m/z
1193 [M-SO3H]
 and MS3 displayed daughter ions
at m/z 1061, 1056 and 987 (Fig. 6d). The m/z 1061
ion was generated due to the loss of a pentose unit.
The m/z 1056 and 987 ions maintain the pentose
unit. The retention time and fragmentation pattern
matches with the G-YTX A standard ( ¼ 32-O-
monoglycosylYTX) (Fig. 5c) (Souto et al., 2005; Paz
et al., 2006).
Ion m/z 1141 [M-H] (11.18min): This was the
most relevant peak in these Spanish strains (Fig. 3e).
MS3 analyses showed the m/z 924, 855 and 713 ions,
which is characteristic of YTX (Fig. 6e). Their
assignment as YTX was conﬁrmed using a YTX
standard, which resulted in perfect coincidence
in both retention time (Fig. 5d) and MS3 fragmen-
tation.
Other minor compounds detected (data not
shown): (i) The m/z 1189 [M-H] ion (8.61min)
was found in trace amounts in strains GG1AM and
VGO 757. MS2 and MS3 fragmentation of m/z 1189
[M-H] gave two peaks at m/z 1109 and 925,
respectively. This ion scheme indicated that it
belonged to the YTXs series. It is possible that this
compound will be the 44,55-diOH-41a-homoYTX,
whose structure was recently elucidated in a New
Zealand P. reticulatum strain (Finch et al., 2005). (ii)
In strains GG1AM and VGO 758, the 32-O-
diglycosylYTX (Miles et al., 2006b), was detected
in trace amounts. This glycosyl derivative showed
up as a prominent ion di-charged at m/z 702 [M-
2H]2 together with 1427 [M-2H+Na] eluting at
9.72min, the nono-charged ion (m/z 1403 [M-H])
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Fig. 6. MS3 spectra for selected peaks observed during LC–MS3
analyses of culture medium from Protoceratium reticulatum
VGO758 strain. Applying a CE of 40% in the ion: (a) m/z
1093 [M-SO3H]
, (b) m/z 967 [M-SO3H]
 in this case applying a
CE of 50%, (c) m/z 1077 [M-SO3H]
, (d) m/z 1193 [M-SO3H]
,
(e) m/z 1061 [M-SO3H]
. Similar MS3 spectra pattern was
obtained for GG1AM and VGO757 strains.
B. Paz et al. / Toxicon 50 (2007) 1–17 11was not detected. Fragmentation was not performed
due to the small signal obtained. (iii) The m/z 1155
[M-H] ion (11.15min), was also found in small
quantities, eluting in the same retention time as
YTX. MS3 fragmentation displayed the m/z 938
fragment characteristic of 1a-homoYTX. This was
the only compound from the homoYTXs series
found in these three strains.
3.3.2. Profile of toxin in strain VGO764
LC–MS and MS3 analysis of the VGO764 strain
showed a very different YTX proﬁle to that of the
above mentioned strains. The main toxin was the1a-homoYTX at m/z 1155 (11.12min), together
with noroxohomoYTX-enone at m/z 1061
(8.03min), a possible 44,55-diOH-9-Me-1a-homo-
YTX with m/z 1203 (8.55min), 32-O-diglycosylho-
moYTX at m/z 709 (9.78min), 32-O-
monoglycosylhomoYTX at m/z 643 (10.38min),
and two unknown homoYTX analogs with m/z
1187 (7.97min) and with m/z 1171 (9.18min)
(Tables 3 and 4). Also trace amounts of 32-O-
triglycosylhomoYTX at m/z 775 (9.34min) and an
unknown analog with m/z 1189 (7.41min) were
detected. This strain might also contain other
homoYTX analogs. The assignment of these ana-
logs is described below.
Ion m/z 1187 [M-H] (7.97min): This was the
ﬁrst compound eluted which also showed pseudo-
molecular ions at m/z 594 [M-2H]2 and m/z 1209
[M-2H+Na] (Fig. 4a). The MS2 fragmentation of
the m/z 1187 [M-H] ion generates an ion at m/z
1107 [M-SO3H]
, which gave daughter ions in the
MS3 spectrum at m/z 938, 869 and 727 (Fig. 8a).
This was the characteristic fragmentation of the
polycyclic backbone skeleton of homoYTXs (Cimi-
niello et al., 2003b) (Fig. 7). The mass and
fragmentation of this peak was the same as that of
carboxyhomoYTX (Ciminiello et al., 2000), but
retention time was different to that of the carbox-
yYTX standard (4.69min). Moreover, carboxyho-
moYTX appears to be produced by metabolism in
shellﬁsh and not in algae (Ciminiello et al., 2000).
These facts suggest that this compound is a
homoYTX different to carboxyhomoYTX and
which has not been previously detected. This analog
should be the homologue of the ion at m/z 1173 [M-
H] in the YTX series, found in strains GG1AM,
VGO757 and VGO 758.
Ion m/z 1061 [M-H] (8.03min): This ion
displayed a peak with the same mass as that of the
noroxohomoYTX (Fig. 4b). In the MS2 analysis a
fragment ion with m/z 981 [M-SO3H]
 was
obtained. The MS3 fragmentation of this ion gave
a very weak peak at m/z 898 (Fig. 8b) even when
applying a high CE. This fragmentation pattern is
different to that of the noroxohomoYTX (Cimi-
niello et al., 2001), but is similar to that of
noroxoYTX-enone (m/z 1047 [M-H]) shifted in
14 mass units. Therefore the m/z 1061 [M-H] ion
should be the 1,3-enone isomer of noroxoho-
moYTX, the homologue of noroxoYTX-enone
(Ciminiello et al., 2001; Miles et al., 2005a) in the
YTXs series. The noroxohomoYTX was previously
identiﬁed in mussels (Ciminiello et al., 2001), but, to
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Fig. 7. Structures and characteristic ion product ions observed in the LC–MS3 analyses of [M-SO3H]
 ions of common yessotoxin
skeletons (n ¼ 1) and above of homoyessotoxin skeletons (n ¼ 2).
B. Paz et al. / Toxicon 50 (2007) 1–1712our knowledge the noroxohomoYTX-enone, has
not been previously mentioned either in dinoﬂagel-
late or in shellﬁsh. Therefore it is possible that
several ketohomoYTXs exist, as happens with
ketoYTXs, but this would need to be conﬁrmed in
future studies.
Ion at m/z 1203 [M-H] (8.55min): was found
mainly in cells (Fig. 4c). MS2 of m/z 1203 [M-H]
showed a fragment ion at m/z 1123 [M-SO3H]
, and
the MS3 gave a daughter ion at m/z 938 (Fig. 8c).
This is the same LC–MS3 spectrum as that of the
44,55-diOH-9-Me-41a-homoYTX, a YTX analog
recently identiﬁed in a New Zealand strain of
P. reticulatum (Finch et al., 2005). Taking into
account that this strain produces mainly 1a-homo
YTX analogs we think that the m/z 1203 [M-H]
ion could be 44,55-diOH-9-Me-1a-homoYTX,
which should therefore generate the same fragmen-
tation pattern. Further work will be required to
determine its assignment.
Ion m/z 1171 [M-H] (9.18min): The next peak
found was for m/z 1171 (Fig. 4d). Fragmentation by
MS2 of the m/z 1171 [M-H] ion showed an m/z
1091 [M-SO3H]
 daughter fragment, MS3 of this
fragment generated the ions at m/z 938, 869 and 727
(Fig. 8d). Fragmentation scheme was consistent
with the characteristic fragmentation of the homo-
YTXs side chain (Fig. 7). This pattern wascoincident with the 45-OHhomoYTX, previously
detected in shellﬁsh but not in algae (Ciminiello
et al., 2002a), however, the retention time differed
substantially to the 45-OHYTX standard
(8.32min). These facts indicated that this ion is a
homoYTX analog different to 45-OHhomoYTX
and had not been previously detected.
Ion m/z 709 [M-2H]2 (9.70min): As was
determined in the glycosyl analogs, the generated
peak showed a prominent di-charged ion, where a
small signal at m/z 1441 [M-2H+Na] was detected
and the mono-charged ion at m/z 1419 [M-H] was
not detected at all (Fig. 4e). Fragmentation of the
main ion at m/z 709 [M-2H]2 was not possible.
MS2 fragmentation of the m/z 1441 [M-2H+Na]
ion showed as the prominent daughter ion the one
at m/z 1305 [M-C3H13O+H]
 and also the ion at
m/z 1177 due to the loss of the glycosyl units. MS3
fragmentation of m/z 1305 [M-C9H13O+H]
 ion
gave the ions at m/z 1235 and 829 (Fig. 8e). This
LC–MS3 fragmentation matches with that of pro-
toceratin II determined by Konishi et al (2004) in a
Japanese strain. Thus indicating the presence of 32-
O-triglycosylhomoYTX ( ¼ protoceratin II) in the
VGO764 strain.
Ion m/z 1287 [M-H] (10.34min): The generated
peak showed as prominent ion the m/z 643
[M-2H]2 (Fig. 4f). The same retention time was
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Fig. 8. MS3 spectra for selected peaks observed during LC–MS3
analyses of culture medium from Protoceratium reticulatum
VGO764 strain. Applying a CE of 40% in the ion: (a) m/z
1107 [M-SO3H]
, (b) m/z 981 [M-SO3H]
 in this case applying a
CE of 50%, (c) m/z 1123 [M-SO3H]
, (d) m/z 1091 [M-SO3H]
,
(e) m/z 1304 [M-C9H13O]
, (f) m/z 1207 [M-SO3H], (g) m/z 1075
[M-SO3H]
.
B. Paz et al. / Toxicon 50 (2007) 1–17 13recorded for G-YTX standard. MS2 fragmentation
of the ion m/z 1287 [M-H] gave one daughter ion
at m/z 1207 [M-SO3H]
 and by MS3 ions at m/z
1075 and 1071 (Fig. 8f). LC–MS3 fragmentation
matches with the G-YTX standard (Souto et al.,
2005; Paz et al., 2006) differing in 14 units. Thus
indicating the presence of 32-O-monoglycosylho-
moYTX which has already been identiﬁed and
characterised by Konishi et al (2004) in a Japanese
strain, together with the di and tri-32-O-glycosyl-
homoYTX (Konishi et al., 2004). These being the
only homoYTX derivates identiﬁed up till now in
algae.
Ion m/z 1155 [M-H] (11.12min): This was the
prominent ion (Fig. 4g) detected. MS2 gave a
fragment ion at m/z 1075 [M-SO3H]
, and the
MS3 generated daughter ions at m/z 938, 869 and
727 (Fig. 8g). This MS/MS spectrum is character-
istic of the 1a-homoYTX side chain. The assign-
ment of 1a-homoYTX was conﬁrmed by
comparison with the retention time and fragmenta-
tion of the YTX standard (11.15min) (Fig. 6d). MS3
of homoYTXs is superimposable on the fragmenta-
tion of YTXs, but shifted in 14 mass units
(Ciminiello et al., 2002b) (Fig. 8).
Other minor compounds detected (data not
shown): (i) An unknown analog with m/z 1189
[M-H] (7.41min), which overlapped with the signal
of the m/z ion 1187 at 7.97 was detected. This
compound also displayed pseudomolecular ions at
m/z 595 [M-2H]2 and m/z 1211 [M-2H+Na]
(Fig. 4a). The MS2 fragmentation of the m/z 1189
[M-H] ion generates an ion at m/z 1109 [M-
SO3H]
, which gave daughter ions in the MS3
spectrum at m/z 938, 869 and 727 characteristic of
homoYTX analogs. (ii) Also trace amounts of 32-O-
triglycosylhomoYTX at m/z 775 [M-2H]2
(9.34min) were detected in the extracts.
3.3.3. General toxin profile of strains
For VGO757, VGO758 and GG1AM strains
(Fig. 4) YTX was the main toxin, but these strains
also produced noroxoYTX-enone, 32-O-monoglyco-
sylYTX, 32-O-diglycosylYTX, 44,55-diOH-41a-
homoYTX, homoYTX, two unknown YTX analogs
(Tables 3 and 4) and possible traces of other YTX
analogs. The VGO764 strain (Fig. 5) produced
as main toxin the 1a-homoYTX, together with
noroxohomoYTX-enone, 32-O-triglycosylhomoYTX,
32-O-diglycosylhomoYTX, 32-O-monoglycosylho-
moYTX, 44,55-diOH-9-Me-41a-homoYTX and three
unknown homoYTX analogs (Tables 3 and 4). It is
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analogs.
It was observed that the analogs found in the
three Spanish strains where YTX prevailed, were
similar to those found in the strain in which the
homoYTX prevailed, but as homoYTX analogs
(Tables 3 and 4). Only trace amounts of homoYTX
were found in the VGO757, VGO758 and GG1AM
strains. But neither YTX nor YTX analogs were
found in VGO764 strain. These ﬁndings indicate
that there were at least two kinds of P. reticulatum,
the YTXs producers and the homoYTXs producers.
The calculated contribution percentage of ana-
logs to the total toxin production was very low
ranging between 0.1% and 3.9% depending on the
analog and the strain. The presence of analogs was
more important in the culture medium than in cells.
Depending on the strain either YTX or homoYTX,
was practically the only toxin detected. In the
culture medium of the strains VGO757, VGO758
and GG1AM the YTX represented between 92.7%
and 97.6% of total toxin; and in strain VGO 764 the
homoYTX corresponded to a 95.9% (Table 3). The
YTX which remained inside the cells in strains
VGO757, VGO758 and GG1AM ranged from
97.2% to 99.3% of total toxin; and homoYTX in
VGO764 strain was a 99.2% (Table 4).
The low contribution percentage of YTX analogs
was also found in other strains in different studies.
In the Norwegian strain AP2 the percentage of
trinorYTX, the most abundant analog, represented
a 3.8% of total toxin production, and for the other
analogs (32-O-mono- and -di-glycosideYTX, ke-
toYTXs, dihydroxyYTXs, etc.) corresponded to
1–2% (Samdal et al., 2006). In one Italian strain
all the analogs were about 5% of total YTXs
(Ciminiello et al., 2003b).
The YTXs proﬁle determined for the Spanish
strains differed from that of other recently studied
strains, such as the New Zealand (100 YTXs) (Miles
et al., 2006a), Norwegian (5 YTXs) (Samdal et al.,
2006), Italian (5 YTXs) (Ciminiello et al., 2003b) and
Japan (3 YTXs) (Satake et al., 2006) strains, which
mainly produce YTX. To our knowledge, only two
other Japanese strains (4 homoYTXs) (Konishi et al.,
2004), showed a different proﬁle, and they produced
mainly homoYTX, as did the VGO 764 strain
studied here. Unlike the VGO 764 strain in the
Japanese strain 32-O-mono, -di- and -tri-arabino-
sides of 2-homoYTX were also detected, however,
YTX analogs were not detected in any of the Mutsu
Bay strains (Eiki et al., 2005). In the Yamada Bay(Satake et al., 1999) and in the Norwegian (Samdal
et al., 2006) strains 45,46,47-trinorYTX have been
found, an analog not detected in any of the Spanish
strains studied here. In the New Zealand strain
CAWD40, which was studied in depth, a complex
YTX proﬁle with 100 analogs was reported, but only
the structure of about 20 of them have been identiﬁed
(Miles et al., 2006a). In a Norwegian strain (AP2) the
YTX together with 32-O-mono- and -di-glycosi-
deYTX, trinorYTX, three ketoYTXs two dihydrox-
yYTXs and a hydroxyYTX (not 45-OHYTX) were
also found (Samdal et al., 2006). Moreover, in an
Italian strain, as in our strains, YTX, homoYTX and
noroxoYTX, were detected, but also 45-OHYTX
and carboxyYTX (Ciminiello et al., 2003b) were not
found in any of the other studied strains. Finally in
the Japanese strain, only YTX, trinorYTX and
thinorhomoYTX were found (Satake et al, 2006),
but neither trinorYTX nor thinorhomoYTX were
detected in the Spanish strains studied here. These
differences in YTX proﬁle have been found among
strains from different locations and evaluated by
different analytical methods, therefore differences
could be due to the different method of extraction
or analysis employed. In the current study the
strains were isolated in the same location, grown
under the same conditions and analysed by the same
method, therefore differences obtained can only be
due to strains with a different YTX proﬁle and
production.
3.4. LC– MS analysis vs. LC– FLD analysis
LC–MS analysis revealed that the strain VGO764
produces mainly homoYTX instead of YTX,
whereas LC–FLD analysis showed that all the four
Spanish strains produce YTX. As was expected,
homoYTX and YTX were indistinguishable by
LC–FLD. Therefore the analysis of new strains
must ﬁrst be approached by LC–MS. Then, once the
main toxin produced by each strain is identiﬁed, it
can be determined and quantiﬁed by LC–FLD
analysis, assuming that homoYTX gives the same
molar response as YTX and taking into account
that the amount of other analogs is low.
3.5. Cell biovolume vs. toxin profile
The signiﬁcant differences (po0.05) found be-
tween the strains in cell biovolume (Fig. 1) were
consistent with differences found in YTXs proﬁle.
Similarly, CCMP1720, CCMP1721 and CCMP404
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YTX producers, whereas strains GG1AM,
VGO757, VGO758 with medium biovolume were
YTX producers. Finally, the strain with the smallest
biovolume produces homoYTXs. These ﬁndings
suggest that the studied strains could be different
species. In this sense YTX was also found in
Gonyaulax spinifera (Rhodes et al., 2006) a dino-
ﬂagellate species different from P. reticulatum.
Previous studies suggested two different organisms
being responsible for production of these homo-
logue series. A genetic study of the strains is
necessary to conﬁrm this hypothesis.
In summary, the YTX proﬁle was substantially
different between strains. In three out of the four
analysed strains YTX was the main toxin and in
the fourth homoYTX was the prominent toxin.
P. reticulatum is able to produce compounds belonging
to both YTX and homoYTX series. Toxin proﬁle of
P. reticulatum determined only by LC–MS appeared
to be, deﬁnitively, more complex than that previously
determined. Differences found among strains in YTX
amounts, analogs produced and percentage of each
analog produced could act as the ‘‘molecular ﬁnger-
print’’ (Cembella, 2003), to distinguish and identify
strains from different locations.
Small amounts of sample were used to detect by
LC–MS the presence of different YTX analogs in
the strains studied. Further work, culturing on large
scale these dinoﬂagellates including isolation of
these derivatives and NMR spectral analysis will
be required to fully identify and characterise the
structure of the unknown YTX, and above all, the
homoYTX analogs detected for the ﬁrst time in this
study.Acknowledgments
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Resumen 
Las toxinas que causan el síndrome diarreico forman un complejo de compuestos 
liposolubles, producidos por microalgas, aunque algunos de ellos no generan esa sintomatología 
(palitoxinas y yesotoxina). La obtención de toxinas a partir de cultivos de los géneros Ostreopsis 
y Protoceratium, debe permitir el suministro de extractos y de toxinas aisladas con las que 
establecer característiscas diferenciales de toxicidad entre las distintas toxinas mediante ensayos 
biológicos (de ratón, con cultivos celulares, enzimáticos) y para estudios sobre metodologías 
analíticas (separación y detección por cromatografía) sin tener que esperar a que se produzcan 
episodios tóxicos naturales. 
En este trabajo se describe la producción de toxinas, posible liberación al medio de las 
toxinas y del resto de los parámetros básicos (consumo de nutrientes y biomasa) en condiciones 
de agitación mecánica y aireación fijas en cultivos de 100 L. 
 
Introducción 
De las 5000 especies de algas fitoplanctónicas marinas conocidas, sólo unas 88, 
principalmente dinoflagelados, son capaces de producir potentes toxinas (IOC, 2003), aunque en 
los últimos años se han ido descubriendo nuevas toxinas, como es el caso de las yesotoxinas, 
azaspirácidos o palitoxina (Yasumoto y Satake M., 1998). Éstas pueden ser asimiladas por 
moluscos bivalvos filtradores y, a través de la cadena alimentaria, pasar al hombre. La mayor 
parte de las técnicas actuales para su estudio se basa en bioensayos de ratón, muy eficaces, pero 
poco selectivos, de baja sensibilidad y especificidad. Sin embargo los ensayos funcionales in 
vitro, cultivos celulares y técnicas cromatográficas son una alternativa más prometedora y de 
mayor sensibilidad, permitiendo la detección y cuantificación de toxinas en muestras de pequeño 
tamaño. Estas técnicas precisan de cantidades importantes de la toxina purificada; debido a las 
dificultades de adquisición de las mismas a partir de casas comerciales, a que las poblaciones 
naturales de microalgas nocivas se presentan a menudo en bajas concentraciones y a que no se 
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puede esperar la aparición de un afloramiento natural, se hace necesario el aislamiento de las 
especies de interés y la producción masiva de cultivos que nos proporcionen la cantidad necesaria 
de dicha toxina.  
En el presente trabajo se pretende estudiar los siguientes aspectos: 
Seguimiento de los parámetros que influyen en la marcha del cultivo en dos géneros de 
dinoflagelados: Protoceratium reticulatum (planctónico) y Ostreopsis spp (bentónico). 
Producción de toxinas a lo largo del cultivo: yesotoxina (P. reticulatum) y ostreocinas y/o 
palitoxina (Ostreopsis spp.), determinando la concentración de las mismas tanto en la biomasa 
como en el medio de cultivo. 
 
 
 
Figura 1 
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Material y métodos 
Los cultivos se llevan a cabo en tanques de metacrilato (Figura 1) con medio L1 sin silicatos 
(Guillard & Hargraves, 1993) agua de mar base de 34 psu, esterilización mediante hipoclorito 
(35%) 0,25 mL/L y neutralización con tiosulfato (5%) 0,25 mL/L; ciclo luz: oscuridad (12:12); 
80-160 µmol fotón m-2 s-1; P. reticulatum a 17 ºC±1 y Ostreopsis spp a 23 ºC±1, con agitación 
mecánica a 40 rpm durante una hora al día y aireación continua a razón de 20-30 L/min. con una 
bomba Millipore. Los inóculos son de unos 5 L en ambos géneros, de forma que en el caso de 
Protoceratium se inicia el cultivo con 500 células/ mL y el Ostreopsis con 9.12 µg clorofila-a/L. 
Cada 3-4 días se toman un volumen del orden de unos 250 mL en Protoceratium y 1 L 
para Ostreopsis distribuyéndose en diferentes alícuotas para medir los siguientes parámetros: 
unos 5 mL para medir el pH y la fluorescencia en vivo y que posteriormente se fija con lugol para 
los recuentos celulares en placa Sedgewedick-Rafter; unos 200 mL que se filtran en filtros de 
fibra de vidrio para retener las células y determinar las YTX en las células (Yasumoto y 
Takizawa, 1997) y el medio filtrado para el consumo de NO3
- y PO4
3-, con un autoanalizador 
Scan plus system Skalar, en ambos cultivos, y la concentración de YTX en el agua (Paz et al., 
2004). En el caso de Ostreopsis no se determinan densidades celulares por conteo y a cambio el 
filtro con las células se extrae con MeOH en el que se determinarán la concentración de 
Clorofila-a (Chl-a) y las toxinas (Riobó et al., 2004). 
 
Resultados 
En la Figuras 2A y 2D se muestra unos buenos ajustes entre el conteo celular y la clorofila 
a y la fluorescencia en vivo para Protoceratium y para Ostreopsis respectivamente, ya que el 
conteo celular en este último caso es imposible debido a la mucosidad que produce ese género 
dado su carácter bentónico. Las Figuras 2 B y 2E muestran el consumo de los dos nutrientes 
básicos NO3
- y PO4
3- que mantienen un patrón normal en este tipo de cultivos, llegando a su 
práctico consumo, en ambos casos, observándose un gran paralelismo entre ambos cultivos y sin 
que aparezcan fenómenos de stress por nutrientes, ya que las curvas de crecimiento que 
manifiestan (Figuras 2C y 2F) son normales aún teniendo en cuenta que Ostreopsis se cuantifica 
en función de la Chl-a.  
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Figura 2.- Parámetros medidos en los cultivos de 100 L. 
 
En el cultivo de P. reticulatum a medida que aumenta el número de células aumenta 
notablemente la cantidad de YTX en la biomasa, este aumento no es tan pronunciado en el medio 
aunque muy significativo lo que puede indicar una posible liberación al medio de dichas 
toxinas.(Figura. 2C).  
En el cultivo de Ostreopsis spp. sólo se cuantifica palitoxina y/o análogos en la biomasa a 
través de la medida de la actividad hemolítica de los extractos celulares; cuya cantidad aumenta 
paralelamente con la concentración de Chl-a (Figura. 2F); en cambio determinaciones con el 
mismo método, que es muy sensible, en concentrados del medio libre de células no aparece 
actividad hemolítica. 
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En ambos casos se confirma la identidad de las toxinas a través de análisis de LC-EM 
(Figura.3). 
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Figura 3.- CL-EM de los extractos de células de P. reticulatum y Ostreopsis spp 
Conclusiones 
Se verifica la viabilidad de cultivos de P. reticulatum y Ostreopsis spp. en volúmenes de 
100 L. 
Para Ostreopsis spp. se opta por la determinación de Chl-a extraída con MeOH 
verificándose su buen ajuste con la fluorescencia en vivo en sustitución de los conteos celulares. 
El control de la producción de yesotoxina en P. reticulatum se lleva a cabo mediante CL y 
detección fluorimétrica y el de palitoxina y/o análogos en Ostreopsis spp. a través del ensayo 
hemolítico. 
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En el cultivo de P. reticulatum se encuentra toxina tanto en el medio como en la biomasa 
y en el de Ostreopsis spp sólo en las células. 
El rendimiento del cultivo de P. reticulatum es de 0,6 mg YTX en el agua y 5,6 mg YTX 
en la biomasa y en el caso de Ostreopsis spp. 3,8 mg de palitoxina en la biomasa.Se pueden 
obtener grandes biomasas a partir del cultivo de estas microalgas, para la posterior purificación y 
aislamiento de toxinas, tanto para estudios toxicológicos como de estándar a nivel analítico.  
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Extracción y purificación de YTX a partir de cultivos de 
Protoceratium reticulatum 
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Resumen 
En este trabajo se pretende optimizar un método para la extracción y purificación de 
Yesotoxina (YTX) a partir del medio de un cultivo de 100 L de Protoceratium reticulatum 
previa concentración por ultrafiltración y diafiltración (UF y DF) y posterior elución por 
columnas de gel permeación y de fase inversa. La identificación y cuantificación de la YTX 
se hace por HPLC con detector de fluorescencia y HPLC acoplada a MS. Se confirma que es 
posible recuperar la YTX del medio de cultivo y que con los procesos de UF y DF 
acompañados de una purificación final por cromatografía en fase inversa, se puede obtener un 
extracto bastante limpio. 
 
Introducción 
En los extractos de toxinas lipofílicas, para determinación del toxinas diarreicas (DPS) 
en moluscos, se pueden coextraer otras toxinas como la Yesotoxina (YTX), un poliéter 
disulfatado que da lugar a falsos positivos en el bioensayo de ratón para PSP, por causar la 
muerte de los mismos pero que no tiene efectos diarreicos. Aunque no están definidas sus 
dianas, se sospecha que es el músculo cardíaco y que el mecanismo de acción es sobre los 
canales de calcio celulares (De la Rosa et al., 2001), está producida por dinoflagelados 
planctónicos, mayoritariamente por Protoceratium reticulatum, pero también por 
Lingulodinium polyedrum, aunque en cantidades mucho menores.  
Cuando se recurre a bioensayos en ratón, se pueden generar estos falsos positivos, por 
ser métodos que no proporcionan perfiles de toxinas y con una gran variabilidad en los 
resultados, además el bioensayo en ratón tiene un problema ético añadido junto con el del 
mantenimiento de los mismos, estos métodos pueden ser complementados por métodos 
químicos de mayor sensibilidad, especificidad y reproducibilidad, pero para llevarlos a cabo 
se necesitan sustancias puras, que muchas veces no están disponibles o son muy costosas; 
para su obtención se puede recurrir a moluscos intoxicados naturalmente, pero los extractos 
de moluscos requieren muchos pasos de purificación (Goto et al., 2001), o a cultivos de 
microalgas, que tienen la ventaja de generar extractos más limpios y de mayor disponibilidad, 
ya que los cultivos se pueden iniciar en cualquier momento. 
 
 
 
 
 - 66 -
Estudios previos demuestran que se pueden obtener, en determinadas condiciones, 
cultivos de P. reticulatum y que producen YTX en grandes cantidades, que en parte es 
liberada al medio de cultivo. Así los objetivos del presente trabajo fueron la obtención de 100 
L de un cultivo de P. reticulatum, la extracción de las YTXs y la optimización de los métodos 
para su aislamiento y purificación partiendo del medio de cultivo. 
 
Material y métodos 
Obtención del cultivo de 100 L 
Se utiliza una cepa de Protoceratium reticulatum, la GG1AM, procedente de La 
Atunara, Cádiz (España) y perteneciente a la colección de cultivos del Centro Oceanográfico 
de Vigo. Para la obtención del cultivo se sigue el proceso desarrollado en el trabajo de Franco 
et al. (2004). 
Extracción YTX a partir del cultivo 
A los 20 días de cultivo las células y el medio se separan, en el propio tanque, por 
filtración inversa, con un tamiz casero de malla de 11 µ. Las células se reservan para su 
posterior extracción y el medio se reparte en volúmenes de 30 L para empezar a purificar, 
previa concentración por ultrafiltración o diafiltración. 
Concentración por ultrafiltración (UF) y diafiltración (DF) 
Para la ultrafiltración, 30 L del agua del cultivo se pasan a través de un cartucho de 
filtración, con filtro de celulosa regenerada (Prep/Scale-TFF 1ft2 PLAC 1K de Millipore), 
obteniéndose, al cabo de unas 8 horas, un retenido con un factor de concentración de 30 
respecto al volumen inicial (Figura 1). 
 
Psi
 
RETENIDO 
 
PERMEADOCartucho
Prep/Scale 
TFF 
Millipore
 
Figura 1.- Esquema del proceso de ultrafiltración y diafiltración. 
La diafiltración es una ultrafiltración, con la diferencia de que, en un momento dado, 
se añade un volumen de agua Milli-Q (6 L en este caso) al recipiente en el que está el 
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retenido, para disminuir su salinidad, la ultrafiltración continúa reduciéndose de nuevo el 
volumen 30 veces. 
Desalinización 
El extracto obtenido de la ultrafiltración presenta un alto contenido en sal, que se hace 
patente cuando se concentran fracciones del mismo. Los primeros intentos de desalinización 
fueron: precipitación con MeOH y con repartos con ButOH, y posteriormente se recurre a la 
cromatografía de gel-permeación (exclusión), se hicieron pruebas con una serie de columnas, 
a través de las que se hace pasar una alícuota del ultrafiltrado con distintos eluyentes (Tabla 
1). 
Columna Corte peso 
molecular(daltons)
Tamaño 
 
Eluyente 
Biogel P-2 100-1800 95 mL H2O Milli-Q 
Biogel P-4 800-4000 50 mL H2O Milli-Q 
Biogel P-6 comercial 1000-6000 10 mL H2O Milli-Q 
Ultrahidrogel (GPC) 120 800 300 x 7.8 mm H2O:MeCN 75:25
Toyopearl HW-40F 1000-6000 300 x 16 mm MeOH 
 
Tabla 1.- Características de las columnas de gel permeación utilizadas. 
 
Purificación YTX extraída 
Al concentrar las fracciones que se recuperan de las columnas de desalinización 
aparece una masa viscosa “blandiblu”, posiblemente debida a polisacáridos, soluble en agua e 
insoluble en metanol y acetona. Para intentar limpiarlas se pasan por columnas C18 en fase 
reversa y con distintos eluyentes (Tabla 2). 
Columna Partícula Tamaño Eluyente 
   MeCN:MeOH:H2O(1:1:2)
Hypersil ODS 5µ (150 x 4,6 mm) MeCN:MeOH:H2O(1:2:2)
   gradiente MeOH:H2O 
Beckman ODS 5 µ (250 x 4,6 mm) MeCN:MeOH:H2O(1:2:2)
Xterra Prep RP 18 5µ (100 x 10 mm) MeCN:MeOH:H2O(1:2:2)
   gradiente MeOH:H2O 
 
Tabla 2.- Características de las columnas de C18 utilizadas. 
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Determinación de la YTX 
Para la cuantificación de la YTX presente en el medio de cultivo, se recoge una 
alícuota de 45 mL de cultivo que se filtra por filtros de fibra de vidrio GF/C de 1.4 µm. El 
medio se carga en cartuchos SPC 18 y se extrae con MeOH que se lleva a sequedad, se 
derivatiza con DMQ-TAD y se resuspende en MeOH (Yasumoto and Takizawa, 1997) para 
identificar por HPLC con detector de fluorescencia. 
A la salida de las columnas de purificación la YTX se identifica por PDA a 230 nm. 
Una alícuota, de las fracciones que presentan YTX se lleva a sequedad y se derivatiza en las 
condiciones anteriores. La determinación y cuantificación de la YTX por HPLC, en todas 
estas fracciones derivatizadas, se hace utilizando una columna Lichospher 100 RP-18, 5 µ 
(125 x 4 mm) y elución isocrática con acetato amónico 0.1 M (pH 5.8):MeOH (30:70), a un 
flujo de 0.75 mL·min-1 y temperatura de 35ºC. La detección por fluorescencia se hace a una 
longitud de onda excitación 370 nm y emisión 440 nm. 
La confirmación de la YTX se hace por espectrometría de masas usando un una 
trampa iónica, Thermo Finnigan LCQ-Advantage en modo ESI negativo. Para la elución 
cromatográfica se usa una columna Lichospher 100 RP-18, 5 µ (125 x 4 mm) temperatura 
35ºC, fase móvil acetato amónico 2 mM (pH 5.8):MeOH (30:70) a un flujo de 0.20 mL·min-1, 
el volumen de inyección 10 µL del extracto metanólico. El flujo de N2 de 60 mL·min-1, gas 
auxiliar 20 mL·min-1, voltaje de spray 5.5 kV y temperatura del capilar 200 °C. Adquisición 
de datos en modo “full scan” de m/z 500 a 1500, obteniéndose los espectros para YTX con ión 
m/z 1141 [M-H]- y m/z 1163 [M-2H+Na]- (Ciminiello et al., 2002; Ciminiello et al., 2003). 
 
Resultados 
Ultrafiltración y diafiltración 
La concentración inicial de YTXs en las células es de 55 ng/µL y en el medio de 
cultivo es de 7 ng/µL, es evidente que se puede recuperar la YTX de las células, pero no 
debería despreciarse la que hay en el agua, ya que después de la UF y DF se tiene, en un 
volumen de 1 L de retenido, 37 y 35 ng/mL respectivamente, que ya compensaría purificar. 
Además en el permeado queda cierta concentración de YTX, 4 ng/mL en el UF y 6 ng/mL en 
el DF (Figura. 2), que si se hiciese un segundo pase por el cartucho también se podría 
recuperar. En el primer caso la salinidad es de 33 psu y en el segundo 11 psu, en cualquiera de 
ellos es necesario separar la sal, pero en la DF será más rentable. 
Desalinización 
Al concentrar las fracciones con YTX aparecen precipitados salinos, si estas muestras 
se utilizan para cromatografía podrían obstruir las columnas, por lo que es necesario eliminar 
la sal. En las pruebas iniciales de precipitación con MeOH y repartos con MeOH no se tienen 
VIII RIFTB 
 
 
 
 - 69 -
buenos resultados ya que al concentrar las muestras seguía apareciendo sal. Con las columnas 
de desalinización se consiguen limpiar mucho más, aunque los rendimientos no son muy 
buenos, la que mejores resultados da es la Toyopearl HW-40F, eluyendo con MeOH 100% a 
un flujo de 1 mL·min-1, recogiendo fracciones cada 10 minutos, hasta los 150 minutos, la 
monitorización a 230 nm indica que la YTX sale a los 90 minutos en la fracción 9 (Figura 3A) 
y se confirma, posteriormente, por HPLC con detector de fluorescencia. Esta fracción se 
recoge para purificar. 
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Figura 2.- Gráficas de los procesos de ultrafiltración y diafiltración, con la evolución de la concentración de 
YTX en el permeado y el retenido a lo largo del tiempo. 
 
Purificación 
Las fracciones con YTX recuperadas de la Toyopearl son muy viscosas y obstruyen 
las columnas cromatográficas, por lo que será necesario purificarlas recurriendo a las 
columnas C18 en fase reversa. Para todas la columnas utilizadas los mejores resultados se 
tienen con gradiente MeOH:H2O eluyendo la YTX, en todos los casos, en la fracción del 80% 
de MeOH, pero la que da un pico mejor definido y mejor reproducibilidad es la XTerra 
semipreparativa (Figura 3B). Se ha comprobado que si se hace un segundo pase por estas 
columnas se tiene extracto más limpio. La pureza de esta fracción se confirma por HPLC con 
detector de fluorescencia y HPLC-EM (Figura. 4A y 4B). 
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Figura 3.- Cromatogramas absobancia 230 nm: A. Desalinización: Extracto de YTX, pasado por una columna 
Toyopearl HW-40F y eluyendo con MeOH 100% a un flujo de 1 mL·min-1. B. Purificación: Extracto de YTX 
pasado por X Terra prep. RP eluyendo con gradiente MeOH:H2O a 3 mL·min.-1, a los 15 minutos 80% MeOH. 
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Figura 4.- A. Cromatograma HPLC YTX derivatizada con DMQ-TAD procedente de la purificación por 
columna Xterra semipreparativa. B. Espectro y cromatograma de HPLC-MS de la misma muestra de YTX que 
en A, con m/z 1141 [M-H]- y m/z 1163 [M-2H+Na]-. 
 
Conclusiones 
Se puede obtener YTX a partir de cultivos de P. reticulatum, evitando tener que 
esperar a una intoxicación natural de moluscos. 
La fracción acuosa es una fuente importante de YTX y, aunque el valor absoluto es 
menor que en la biomasa, conviene tenerla en cuenta. 
Los extractos acuosos son más limpios que los de moluscos o de la biomasa 
facilitando el proceso de purificación. 
Entre la UF y la DF es mejor la DF por minimizar el paso de desalinización por gel-
permeación. 
Es posible, con los procesos de UF y DF acompañados de una purificación final por 
cromatografía en fase inversa, obtener buenos resultados. 
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Yessotoxin (YTX) and its analogues are disulphated polyether
compounds of increasing occurrence in seafood. The biological
effects of these algal toxins on mammals and the risk associated to
their ingestion have not been clearly established. We have used
primary cultures of rat cerebellar neurons to investigate whether
YTX affected survival and functioning of central nervous system
neurons. Exposure to YTX (!25 nM) caused first (~8 h)
weakening, granulation, and fragmentation of neuronal network,
and later (~48 h) complete disintegration of neurites and extensive
neuronal death, with a significant decrease in the amount of
filamentous actin. The concentration of YTX that reduced by 50%
the maximum neuronal survival (EC5048) was ~20 nM. Lower
toxin concentrations (~15 nM) also caused visible signs of toxicity
affecting neuronal network primarily. Removal of YTX after 5 h
exposure delayed the onset of neurotoxicity but did not prevent
neuronal degeneration and death. YTX induced a two-fold in-
crease in cytosolic calcium that was prevented by the voltage-
sensitive calcium channel antagonists nifedipine and verapamil.
These antagonists were, however, completely ineffective in reduc-
ing neurotoxicity. Voltage-sensitive sodium channel antagonists
saxitoxin and nefopam, and the NMDA receptor antagonist MK-
801 also failed to prevent YTX neurotoxicity. Neuronal death by
YTX involved typical hallmarks of apoptosis and required the
synthesis of new proteins. Our data suggest neuronal tissue to be a
vulnerable biological target for YTX. The potent neurotoxicity of
YTX we report raises reasonable concern about the potential risk
that exposure to YTX may represent for neuronal survival in vivo.
Key Words: yessotoxin; neurotoxicity; rat cerebellar neurons;
apoptosis; F-actin; ion channels.
The marine toxin yessotoxin (YTX) and its analogues are
disulphated polyether compounds that were originally isolated
from scallops (Patinopecten yessoensis) collected at Mutsu
Bay, Japan (Murata et al., 1987), and have since been detected
in shellfish from Norway (Lee et al., 1988), New Zealand
(Yasumoto and Takizawa, 1997), Chile (Yasumoto and
Takizawa, 1997), and Italy (Draisci et al., 1999), suggesting
the spread of these toxins worldwide.
YTXs were originally included among the toxins responsible
for diarrhetic shellfish poisoning (DSP), mainly because they
appear and are extracted together with the DSP toxins okadaic
acid (OKA) and the dinophysistoxins (DTXs) (Murata et al.,
1987). YTXs, however, are non-diarrheagenic, and compared
to OKA show a much lower (four orders of magnitude) potency
for the inhibition of protein phosphatase 2A (Ogino et al.,
1997). The biological origin of DSP toxins and YTXs appears
also to be different. DSP toxins are mainly produced by dino-
flagellates belonging to the genera Dinophysis, while Proto-
ceratium reticulatum and Lingulodinium polyedrum have been
identified as the algal species primarily responsible for pro-
duction of YTXs (Draisci et al., 1999; Paz et al., 2004; Satake
et al., 1999). For these reasons, it was proposed that YTX
should not be included among the DSP toxins (Quilliam, 1999),
and the European Authorities now consider that YTXs are no
longer part of the DSP toxin complex (CEE, 2002).
The widespread distribution of YTXs along the coasts and
their increasing occurrence in edible bivalve mollusks have
underlined the need for toxicological studies to evaluate the
potential risk for human health due to the presence of these
toxins in food. Consequently, a number of studies have been
recently published concerning the biological effects of YTX
(Aune et al., 2002; Bianchi et al., 2004; Franchini et al., 2004;
Tubaro et al., 2003). Yet, the effects of this toxin on mammals
remain unclear. Acute oral administration at doses up to 10
mg/kg YTX or repeated (seven days) oral exposure to high
(2 mg/kg/day) doses of the toxin caused no mortality nor strong
signs of toxicity in mice (Aune et al., 2002; Tubaro et al., 2003,
2004). In these studies, authors found just slight tissue
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modifications of myocardiocytes, or ultrastructural changes
with no alterations of cardiac enzymes. When YTX was
injected intraperitoneally into mice, doses as low as 100 lg/
kg were lethal, causing histopathological alterations in heart
tissue (Aune et al., 2002; Terao et al., 1990). Accordingly,
yessotoxin has been long considered to exert its toxic actions
affecting cardiac cells primarily. However, recent data sug-
gested a possible action of YTX on neuronal cells. In the mouse
tests, animals showed motor discoordination before death
(Franchini et al., 2004; Tubaro et al., 2003) possibly due to
cerebellar cortical alterations (Wolf et al., 1996). Histopatho-
logical analysis revealed that intraperitoneal injection of YTX
provoked alterations in the Purkinje cells of the cerebellum,
including cytological damage in the neuronal cell body and
changes in the neurotubule and neurofilament immunoreactiv-
ity as well as in their localization pattern (Franchini et al.,
2004). In this study we have used primary cultures of cerebellar
neurons to test whether YTX may affect cerebellar neuron
survival and functioning. YTX was isolated from cultures of
dinoflagellate Protoceratium reticulatum, able to produce and
release YTXs in the appropriate cultured conditions (Paz et al.,
2004). Cerebellar neurons maintain in primary culture most
characteristics they feature in vivo. These glutamatergic
neurons express in culture all types of excitatory amino acid
receptors, as well as voltage sensitive ion channels including
calcium and sodium channels, and have proved very useful in
the study of the biochemical events coupled to neurotoxicity by
excitatory aminoacids and the conditions controlling excito-
toxicity (Dı´az-Trelles et al., 2000, 2002; Ferna´ndez-Sa´nchez
and Novelli, 1993; Novelli et al., 1988). Cultured cerebellar
neurons have been also identified as a very convenient model
for the study of neuronal apoptosis in vitro (D’Mello et al.,
1993) and extensively used for that purpose thereafter.
Moreover, we have found cerebellar cultures to be a very
convenient experimental model to investigate the action of
different types of marine toxins, including the amnesic toxin
domoic acid and the DSP toxins okadaic acid and DTX-2
(Ferna´ndez et al., 1991; Ferna´ndez-Sa´nchez et al., 1996;
Garcı´a-Rodrı´guez et al., 1998; Novelli et al., 1992; Pe´rez-
Go´mez et al., 2004). Here we show that upon exposure to YTX
cerebellar neurons undergo strong morphological changes
eventually leading to apoptotic cell death, supporting the view
that cerebellar tissue may be a vulnerable biological target for
YTX.
MATERIALS AND METHODS
Chemicals. Fluo3-AM (F1241) and Oregon Green 514 phalloidin were
from Molecular Probes (Eugene, OR). BayK8644 ((±)-methyl-1, 4-dihydro-
2, 6-dimethyl-3-nitro-4-(2-trifluoromethyl-phenyl)-pyridine) and TMB-8 (8-
(Diethylamino)octyl 3,4,5-trimethoxybenzoate hydrochloride) were from
Research Biochemicals International. Saxitoxin was a generous gift of
Dr. V. Zitko of St. Andrews Biological Station, N.B. (Canada). All other chemi-
cals were from Sigma.
Cell culture. Primary cultures of rat cerebellar neurons were prepared as
previously described (Novelli et al., 1988). Cytosine arabinoside (10 lM) was
added after 20–24 h of culture to inhibit the replication of non-neuronal cells.
After 8 days in vitro, morphologically identifiable granule cells accounted for
more than 95% of the neuronal population, the remaining 5% being essentially
GABAergic neurons. Astrocytes did not exceed 3% of the overall number of
cells in culture. Cerebellar neurons were kept alive for more than 40 days in
culture by replenishing the growth medium with glucose every four days and
compensating for lost amounts of water, due to evaporation. The animal
procedures used were in accordance with the protocols approved by the
Institutional Animal Care and Use Committee of the University of Oviedo.
Preparation of yessotoxin. Yessotoxin was extracted from the strain
GG1AM of Protoceratium reticulatum, collected at La Atunara (Cadiz, Spain)
and belonging to the Collection of Phytoplankton Cultures at the Oceano-
graphic Center in Vigo. The cell culture conditions and the toxin extraction
procedure were as previously described (Paz et al., 2004). Determination of
toxin was performed by high performance liquid chromatography coupled with
electrospray ion trap mass spectrometry analysis (Ciminello et al., 2002, 2003),
by comparison of its retention time and peak area with those of a certified
standard solution. A stock solution of 1mM YTX in dimethylsulfoxide was
prepared and stored at #20"C from which working solutions of YTX were
obtained by serial dilutions. As a control, neurons were exposed to samples
extracted from the strain LP3AA of Lingulodinium polyedrum collected at
Mazago´n (Huelva, Spain), prepared through the same procedure and containing
very low levels of YTX (0.35 lM YTX for the stock solution).
Neurotoxicology. Neurons were used between 14–20 days in culture.
Drugs were added into the growth medium at the indicated concentrations, and
neuronal cultures were observed for signs of neurotoxicity thereafter by phase
contrast microscopy. To quantify neuronal survival cultures were stained with
fluorescein diacetate and ethidium bromide (Ferna´ndez et al., 1991; Novelli
et al., 1988), photographs of three randomly selected culture fields were taken
and live and dead neurons were counted. Results were expressed as percentage
of live neurons. Total number of neurons per dish was calculated considering
the ratio between the area of the dish and the area of the pictures (~3000).
Confocal microscopy. For the determination of the intracellular concen-
tration of calcium, neuronal cultures were loaded for 20–30 min with 5 lM
Fluo-3-AM ester in a incubation buffer containing (in mM): 154 NaCl, 5.6 KCl,
5.6 glucose, 8.6 HEPES, 1 MgCl2, 2.3 CaCl2 (pH 7.4). At the moment of
recording, the dye was removed by washing the culture with the incubation
buffer. Fluo-3 emission (>515 nm) was recorded in a Bio-Rad confocal
microscope with a krypton-argon laser excitation source (488 nm). Signals
were digitized using Bio-Rad interface and analyzed by using the software NIH
image (1.61) by Wayne Rasband. The concentration of intracellular calcium
([Ca2þ]i) could be estimated as a function of Fluo-3 fluorescence intensity (F)
using the calibration procedure described previously (Segal and Manor, 1992),
and according to the following equation:
½Ca2þ%i ¼KdðF#FminÞ = ðFmax#FÞ
where the dissociation constant Kd has been estimated at 400 nM for Fluo-3 at
vertebrate ionic strength (Kao et al., 1989), and the mean values obtained for
the camera signal Fmin and for the maximum fluorescence Fmax were 6 and 232
respectively.
For the labelling of F-actin, cells were washed in PBS, fixed in 4%
formaldehyde in PBS for 10 min at room temperature and then placed in
acetone for 5 min at #20"C. After washing in PBS several times, neurons were
stained for 20–30 min at room temperature with the fluorescent phalloidin
derivative Oregon Green 514 phalloidin (5 Units/ml equivalent to approxi-
mately 165 nM) in a incubation buffer containing (in mM): 154 NaCl, 5.6 KCl,
5.6 glucose, 8.6 HEPES, 1 MgCl2, 2.3 CaCl2 (pH 7.4). Dye was removed, the
culture was washed with the incubation buffer and Oregon Green emission
(>528 nm) was recorded in a Bio-Rad confocal microscope with a krypton-
argon laser excitation source (488 nm). As changes in fluorescence intensity
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affected mostly the neurites, for each treatment we determined the average
signal obtained from 10 fields of the same size (50 3 50 pixels).
DNA fragmentation analysis. Cells were lysed in 10 mM Tris-HCl, 0.5%
Triton X-100, 20 mM ethylenediamine tetraacetic acid (EDTA), pH 7.4. After
20 min on ice, the lysate was centrifuged at 13,000 3 g for 15 min at 4"C and
treated with RNAse A (100 lg/ml at 37"C for 1 h). The supernatant containing
degraded RNA and fragmented DNA, but not intact chromatin, was extracted
with phenol chloroform. Nucleic acids were precipitated with 1 vol of ethanol
and 300 mM sodium acetate. Samples were electrophoresed in a 1.5% agarose
gel and visualized by ethidium bromide staining.
Assessment of nuclear morphology. Cells were labeled with Hoechst
33258 (5 lg/ml) for 15 min., washed in PBS, and fixed in 4% formaldehyde.
Fixed cells were washed and viewed on an Olympus IMT-2 inverted research
microscope using the filter for 340 nm.
Data presentation and analysis. For statistical analysis we have used the
software InStat for Macintosh, version 2.01. An unpaired two-tailed Student
t-test or an unpaired two-tailed one-way analysis of variance (ANOVA) was
used to identify overall significant differences. A Tuckey-Kramer multiple
comparison test was used for selective comparison of individual data groups.
Homogeneity of variances was tested using a Bartlett’s test. Data from calcium
fluorescence measurements showed no homogeneity of variances and it was
analyzed using a Kruskal-Wallis nonparametric ANOVA test followed by a
Dunn’s multiple comparison test. Only significances relevant for the discussion
of the data are indicated in each figure.
RESULTS
Exposure to Yessotoxin Causes Degeneration of Neurites
and Neuronal Death
Exposure of cultured cerebellar neurons to YTX for 48 h
resulted in neurotoxicity characterized by strong changes in
neuronal network integrity followed by cell death. Neurite
weakness and fragmentation was evident starting at YTX con-
centrations of 15 nM, while exposure to 25nM YTX caused
complete disintegration of neurites and degeneration of neuro-
nal somas (Fig. 1A). Dose-response experiments were per-
formed using the ability of cells to retain the vital dye
fluorescein as a viability criterion (Fig. 1B). The concentration
of YTX that produced after 48 h a 50% reduction in maximum
neuronal survival (EC5048) was estimated at approximately
20 nM. It should be considered that although morphological
observation (see Fig. 1A) of cultures exposed to 15 nM YTX
demonstrated clear signs of toxicity, affecting primarily neu-
ronal network, most neurons were still able to retain the
fluorescein diacetate and therefore were considered alive under
this criterion. Shorter exposures to the toxin (24 h) resulted
in a limited neurotoxicity and over 65% of the neurons were still
able to retain the fluorescein after exposure to 150 nM YTX,
concentration producing approximately 90% neuronal death
after 48 h (Fig. 1B). Although the number of non-viable
neurons in 24 h-exposed cultures was relatively low, high
granulation and fragmentation of neuronal network occurred.
Time-course experiments demonstrated that YTX caused
weakening and fragmentation of neurites long before any
reduction in neuronal viability could be observed (see Fig. 2).
Indeed, slight granulation of neurites was already visible as
early as 8 h upon the addition of YTX, and most neurites were
extensively fragmented after exposure to the toxin for 16 h
(Figs. 2A and 2B), while at least 24 h exposure to YTX were
necessary to get a significant reduction in the number of viable
cells able to retain the fluorescein, and this reduction was
maximal after approximately 48 h exposure to the toxin (Fig. 2B).
Imaging experiments using the F-actin binding fluorescent
phalloidin derivative Oregon Green 514 showed a time-
dependent significant decrease in the fluorescence intensity in
YTX-treated neurons, consistent with a disruption of the actin
neuronal cytoskeleton. Compared to the controls, neurons
which had been exposed to YTX (25 nM) for 30 h presented
a signal decrease of approximately 30%, and after 48 h
FIG. 1. YTX is a potent neurotoxin for cultured cerebellar neurons.
(A) Phase contrast photomicrographs of neuronal cerebellar control cultures
and of cultures exposed for 48 h to the indicated concentrations of YTX.
Wakening and granulation of neuronal network were visible in neurons exposed
to 15 nM YTX (see arrows). In neurons exposed to 25 nM YTX neurites
appeared totally fragmented and most cell bodies were degenerated. (B)
Percentage of live neurons per dish (mean ± SD, n ¼ 4–8) after treatment of
neurons with the indicated concentrations (5–150 nM) of YTX for 24 or 48 h.
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exposure to the toxin the signal for F-actin fluorescence
decreased by over 50% (Fig. 3).
Short Exposures to Yessotoxin Induce Long-Term Death of
Cerebellar Neurons
To further evaluate the neurotoxic actions of YTX we ex-
amined the long-term effects on neuronal survival of short
exposures to YTX. Times selected were (1) 5 h exposure to
YTX, causing no visible morphological signs of toxicity, and
(2) 8 h exposure to YTX, corresponding to a very early stage of
the toxicity pattern, characterized by slight weakening or
granulation of neurites (see Figs. 2 and 4). After exposure to
YTX for the indicated times, the culture medium was replaced
by medium from sister cultures containing no YTX, and
neurons were evaluated thereafter for the eventual appearing
of morphological signs of toxicity compared to cultures treated
similarly except that YTX was also added in the replacing
medium. Results are summarized in Figure 4. Neurons exposed
to YTX for 8 h and then maintained in the YTX-free medium
had no significant delay in the appearance of signs of neuro-
toxicity and, similarly to those that had been continuously
exposed to the toxin, they showed after 48 h strong alteration of
morphology and decreased viability (Figs. 4A2 and 4B). In
contrast, a significant delay in the onset of toxicity was ob-
served in neurons exposed to YTX for 5 h and then maintained
FIG. 2. The neurotoxic effects of YTX depended upon the time of
exposure. Phase contrast (A) and fluorescence (B) photomicrographs of
neurons exposed to 25 nM YTX for the indicated times. Arrows indicate
granulation and fragmentation of neuronal processes. Fragmentation of neurites
occurred as early as 8h upon the addition of YTX and was almost complete
after 16 h exposure to the toxin. Most neuronal cell bodies in cultures exposed
to YTX for 16 and 24 h showed bright staining with the vital dye fluorescein
diacetate and were considered alive under this criterion (see panel C). (C)
Percentage of live neurons per dish (mean ± SD, n ¼ 6) after exposure of
neurons to 25 nM YTX for the indicated times.
FIG. 3. Exposure to YTX decreased the fluorescence intensity of
filamentous acting. Neurons were exposed to 25 nM YTX for the indicated
times, stained with the fluorescent phalloidin derivative Oregon Green and
examined under a laser confocal microscope. Representative images were taken
and used to estimate average fluorescence intensity. As changes in fluorescence
intensity affected mostly the neurites, for each treatment we report the
fluorescence intensity obtained from 10 fields of the same size (50 3 50
pixels). Results represent the mean ± SD of two independent experiments (n ¼
20). *Fluorescence values for 30 h and 48 h were significantly different from
control (p < 0.001).
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in a YTX-free culture medium. These neurons showed after
48 h no significant alterations in morphology and survival,
while toxicity in sister cultures that had been continuously
maintained in the presence of YTX was almost complete at that
time (Figs. 4A1 and 4B). However, observation of cultures at
longer times revealed that neurons exposed to YTX for 5 h and
then maintained in a toxin-free medium showed extensive
neuronal death 72 h after the removal of YTX (Figs. 4A and 4B).
Neurotoxicity by Yessotoxin Occurs Independently from
Activation of Voltage Sensitive Calcium and
Sodium Channels
Previous evidence suggested a possible action of YTX on
intracellular calcium homeostasis. Thus, we next examine the
possible role of this ion in determining neurotoxicity by YTX.
Calcium imaging experiments showed that exposure to YTX
resulted in a slight but significant rise in the fluorescence
intensity in most cell bodies. Quantification of the fluorescence
intensity (see Materials and Methods) revealed a mean increase
from 34 ± 7 fluorescence units (f.u.) (n¼ 60) in control cultures
to 60 ± 9 f.u. (n ¼ 62) in neurons exposed to YTX for 1 h, and
the corresponding intracellular concentrations of calcium were
estimated to be 57 ± 12 nM in control and 109 ± 21 nM in
YTX-exposed neurons respectively. To explore the role of
voltage-sensitive calcium channels (VSCC) in the actions of
YTX we used VSCC antagonists including the dihydropiridine
nifedipine (NIF, 1 lM) and the phenylalkylamine verapamil
(VER, 10 lM). As shown in Figures 5A–5B, the cytosolic cal-
cium increase induced by YTX could be prevented by both NIF
(NIFþYTX¼ 34± 6 f.u.; [Ca2þ]NIFþYTX¼ 56± 10nM;n¼30)
and VER (VER þ YTX ¼ 34 ± 8 f.u.; [Ca2þ]VERþYTX ¼
57 ± 12 nM, n ¼ 33). In contrast, pretreatment of neurons with
the intracellular calcium antagonist TMB-8 (15–25 lM) did not
significantly affect the increase in fluorescence intensity in-
ducedbyYTX(TMB-8þYTX¼ 53±8 f.u.; [Ca2þ]TMB-8þYTX¼
95 ± 15 nM Ca2þ, n ¼ 10) (see Figs. 5A and 5B). We then
determine the importance of VSCC activation by YTX in
the neurotoxic actions of the toxin and found that block of
VSCC with NIF or VER did not prevent toxicity of neurons
exposed to YTX (Fig. 5C). As the chemical structure of YTX
resembles that of brevetoxins, known to activate voltage
sensitive sodium channels (VSSC), we also checked whether
the activation of these ion channels could have a role in YTX
neurotoxicity. The presence of VSSC antagonists saxitoxin or
nefopam did not protect neurons from YTX, and both EC50 and
time dependency for YTX toxicity appeared unaffected by the
presence of VSCC or VSSC antagonists in the culture medium
(data not shown).
The Neurotoxic Effects of Yessotoxin Do Not Involve the
Excitotoxic Activation of Ionotropic Glutamate Receptors
Calcium may induce the release of excitatory amino acids
(EAAs), such as glutamate, from glutamatergic granule cells,
which represent the majority of cerebellar neurons in culture.
EAAs can cause neurotoxicity through the activation of
their specific receptors, which based on their affinity by the
glutamate analogue synthetic agonist N-methyl-D-aspartate
(NMDA) can be classified as NMDA and non-NMDA
FIG. 4. Short exposures toYTX led to long-term neuronal death. (A) Phase-
contrast photomicrographs of neurons exposed to 25 nM YTX for 5 h (1) or 8 h
(2). After these times, culture medium was changed and neurons were
maintained either in a YTX-free (#YTX) or in an YTX-containing medium
(þYTX) and observed 48 and 72 h upon removal of the toxin.After 48 h, neurons
exposed to YTX for 5 h and maintained in the absence of toxin thereafter
appeared similar to controlswith very slightweakening of someof the neurites (see
arrow). Cultures exposed to YTX for 5 or 8 h showed after 72 h from medium
change extensive degeneration of neurites andneuronal somas. (B) Percentage of
live neurons per dish (mean ± SD, n¼ 6) of cultures previously exposed to 25 nM
YTX for 5 h [#YTX (5 h)] or 8 h [#YTX (8 h)] and maintained in a YTX-free
medium for the indicated times. Values in the þYTX curve represent neuronal
survival of cultures previously exposed to 25 nMYTX for 8 h and maintained in
a 25 nM YTX-containing medium for the indicated times.
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receptors. We explored the possibility that neurotoxicity by
YTX could involve the release of endogenous EAAs and
activation of NMDA receptors, and found that the neurotoxic
action of YTX (50 nM, 24 h; neuronal survival YTX ¼ 60 ± 5
live neurons) could not be prevented by the non-competitive
NMDA receptor antagonist (þ)MK801 (2lM, neuronal sur-
vival MK801 þ YTX ¼ 50 ± 3 live neurons). Given the
important role of calcium homeostasis in the excytotoxic
process we also tested for possible effects of YTX on neuronal
sensitivity to excitatory aminoacids. In these experiments
neurons were exposed to 25 nM YTX for 8 h, experimental
conditions resulting in very limited signs of toxicity (see Figs. 2
and 4), and then exposed to subtoxic concentrations of
glutamate (15 lM) or domoate (5 lM) eliciting a non toxic
response via NMDA and non-NMDA receptors, respectively.
As a positive control we used the histamine H1 receptor
antagonist terfenadine, previously shown to enhance the
transduction signaling activated by these agonists in cerebellar
neurons (Dı´az-Trelles et al., 2000, 2003). As shown in Table 1,
no significant differences were observed in the neuronal
sensitivity to excitotoxins of neurons exposed to YTX and in
control neurons.
Neurotoxicity by Yessotoxin is Due to Gene
Expression-Dependent Apoptosis
In order to investigate whether the action of YTX involved
the activation of biochemical pathways leading to apoptosis,
FIG. 5. VSCC antagonists prevented YTX-induced intracellular calcium
increase without affecting the occurrence of YTX-induced neurotoxicity.
(A) Representative calcium fluorescence images of neurons exposed to YTX
(25 nM, 1 h) in the absence or in the presence of the intracellular calcium
antagonist TMB-8 (25 lM) or the VSCC antagonists nifedipine (NIF, 1 lM) or
verapamil (VER, 10 lM). Exposure of neurons to the VSCC specific agonist
BayK-8644 (2 lM) was included in these experiments as a positive control.
Scale bar indicates colors from minimum (min) to maximum (max) fluores-
cence intensity. (B) Fluorescence intensity quantified from the images
represented in A. Values represent the mean ± SD of measurements from
20–30 neurons per field. ***p < 0.001 and *p < 0.05 vs. –YTX in the same
treatment. Inset. Time-course of the increase in calcium fluorescence intensity
following the application of YTX (25 nM). Represented values are the mean ±
SD of measurements from 20–30 neurons per field. *p < 0.05 vs. t¼ 0 min. (C)
Percentage of live neurons per dish (mean ± SD, n ¼ 4–8) after exposure of
neurons to YTX in the absence (C, control) or in the presence of the calcium
antagonists as described in panels A and B.
TABLE 1
Neuronal Sensitivity to Excitatory Aminoacids Was Not
Affected by Yessotoxin
Treatment
Neuronal survival (%)
GLU (15 lM) DOM (5 lM)
#MK801 þMK801 #CNQX þCNQX
None 90 ± 7 n.d. 82 ± 5 n.d.
YTX 85 ± 6 n.d. 80 ± 6 n.d.
TEF 27 ± 8* 62 ± 9** 40 ± 10* 78 ± 12**
Note. Yessotoxin (YTX, 25 nM) and terfenadine (TEF, 5 lM) were added,
respectively, 8 h and 5 h prior to the application of glutamic acid (GLU) or
domoic acid (DOM) for another 24 h. Specific antagonists for NMDA
(MK801, 2 lM) and non-NMDA (CNQX, 15 lM) receptors were added 5 min
before GLU and DOM respectively. Each value represents the mean ± SD
(n ¼ 6–8). n.d., not determined.
*p < 0.05 vs. None in the same column.
**p < 0.05 vs. same treatment in the absence of the antagonist.
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we examined the DNA from cultures exposed to YTX (25 nM).
Agarose gel electrophoresis of soluble DNA extracted from
neurons treated with YTX revealed large DNA fragmentation
characteristic of apoptotic cells, resulting from cleavage of
nuclear DNA in internucleosomal regions (Wyllie, 1980). DNA
fragmentation appeared to be time dependent. Slight DNA
fragmentation was already visible in DNA from neurons
exposed to YTX for 16 h and, based on the intensity of ethid-
ium bromide staining, extensive fragmentation occurred in
DNA of neurons exposed to YTX for 24 h and over. No soluble
fragmented DNAwas obtained from control neurons (Fig. 6A).
Occurrence of apoptosis was further confirmed by the
appearance of changes in the nuclear morphology of affected
neurons. Staining with the DNA-binding fluorochrome
Hoechst 33258 revealed that nuclei in YTX-treated cultures
showed condensation or fragmentation of chromatin (Fig. 6C)
compared to control cultures (Fig. 6B). The number of
apoptotic nuclei was quantified and found to be 22 ± 5% and
48 ± 2% in neurons treated with YTX for 24 h and 48 h
respectively, compared to 8 ± 1% in control neurons (Fig. 6D).
As apoptosis can generally be inhibited by suppression of
gene expression, we used the transcriptional inhibitor actino-
mycin D (AcD, 1 lg/ml) and the protein synthesis inhibitor
cycloheximide (Chx, 5 lg/ml) to test whether neuronal apopto-
sis by YTX required newly synthesized proteins. Both AcD and
Chx significantly prevented neurotoxicity by YTX (Fig. 6E).
DISCUSSION
We present evidence for a potent neurotoxic action of YTX
on cerebellar neurons in primary culture. Nanomolar concen-
trations of YTX produced a neurotoxicity pattern characterized
first by disintegration of neurites and later by degeneration of
cell bodies and widespread neuronal death, which was maximal
after 48 h exposure to the toxin (Fig. 1). To our knowledge, this
is the first study showing that exposure to YTX significantly
reduces survival of neurons of the central nervous system. The
cytotoxic potential of YTX has been previously evaluated in
other cell systems with different results. Thus, the toxin was
characterized as a very potent agent able to induce the death of
FIG. 6. YTX induced gene expression-dependent apoptosis of cerebellar
neurons. (A) Agarose gel electrophoresis of soluble DNA from control neurons
(lane 1), and fromneurons exposed toYTX (25 nM) for 8 h (lane 2), 16 h (lane 3),
24 h (lane 4) or 48 h (lane 5). Size of the DNA molecular size markers (in base
pairs): 9416, 6557, 4361, 2322, 2027, 560 (lane M). B,C. Photomicrographs of
control cultures (B) and of neurons exposed to 25 nM YTX for 48h (C) and
stained with the DNA-binding fluorochrome Hoechst 33258. Neuronal nuclei in
control cultures appeared large in size and weakly stained (arrows) while in
YTX-treated cultures a considerable number of nuclei were smaller and brightly
stained due to condensed chromatin (arrow heads). (D) Percentage of apoptotic
nuclei in control neurons and after exposure to YTX (25 nM) for 24 or 48 h
quantified from images as the ones represented in panels B and C. *Significantly
different from control (p< 0.0001) (E) Inhibition ofYTX-induced neurotoxicity
by the transcriptional inhbitor actinomycin D (AcD, 1 lg/ml), or the protein
synthesis inhibitor cyclohexymide (Chx, 5 lg/ml). Chx and AcDwere added 1 h
before YTX. *Significantly different from YTX (p < 0.001).
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cultured HeLa cells at low nanomolar concentrations (Malaguti
et al., 2002), while concentrations over 8 lM YTX were
needed to induce cytotoxicity of mouse lymphoid cells
(Yasumoto and Satake, 1998). The effects on cerebellar neuron
viability we report occurred at nanomolar concentrations of
YTX (EC5048 ¼ 20 nM), consistent with the notion of neurons
being a cell type very sensitive to this toxin.
Existing evidence suggested a possible involvement of the
nervous system in YTX toxicity. Symptoms following injection
of YTX in mice resembled those typical of neurotoxins,
including convulsions, motor discoordination, and jumping
before death (Franchini et al., 2004; Ogino et al., 1997; Terao
et al., 1990; Tubaro et al., 2003). Moreover, morphological,
histochemical, and immunocytochemical studies have revealed
damage to the Purkinje cells of the cerebellum after in-
traperitoneal injection of YTX in mice (Franchini et al.,
2004). Interestingly, in preliminary experiments we have
observed strong morphological changes and toxicity in cere-
bellar glial cells in primary culture exposed to YTX (data not
shown). Taken together, these observations support the view
that the nervous system, and in particular the cerebellar tissue,
constitutes a vulnerable biological target in YTX toxicity.
We have previously used cerebellar cultures to study the
biological effects of the DSP-type toxins okadaic acid (OKA)
and dinophysistoxin-2 (DTX-2), and found these toxins to
cause after 24 h of exposure widespread neuronal death
(Ferna´ndez et al., 1991; Ferna´ndez-Sa´nchez et al., 1996;
Pe´rez-Go´mez et al., 2004). Compared to OKA and DTX-2,
the neurotoxic actions of YTX we report here occurred at
higher concentrations of toxin and required longer times of
exposure. Thus, the minimum concentration of YTX producing
morphological signs of toxicity was approximately 15 nM
compared to 0.5 nM for OKA and 2.5 nM for DTX-2, and
maximum neurotoxicity was achieved after 48 h exposure to
YTX (Fig. 1) versus 24 h for OKA or DTX-2 (Ferna´ndez et al.,
1991; Pe´rez-Go´mez et al., 2004). Also, exposure to OKA or
DTX caused no alterations in the intracellular concentration of
calcium (data not shown). These differences support previous
evidence indicating the existence of distinct molecular mech-
anisms of action for DSP-type toxins and YTX. Thus, oral
toxicity for YTX was at least 10 times lower than for OKA
(Ogino et al., 1997; Tubaro et al., 2003), and both caspase
activation and death induced by YTX in HeLa cells took
a longer time (48 h) than OKA (24 h) (Malaguti et al., 2002).
Cultured cerebellar neurons provide therefore a sensitive
model for the evaluation of marine polyether toxins that
provides also useful information about the relative potency of
toxins and specific toxicological parameters.
The observation that YTX increased neuronal cytosolic
calcium via VSCC is consistent with previous studies showing
the activation of nifedipine-sensitive calcium channels by YTX
in human lymphocytes (de la Rosa et al., 2001), and the lack of
effect observed for the intracellular calcium antagonist TMB-8
(Fig. 5) indicates that calcium release from intracellular stores
was not involved. However, the relevance of YTX-induced
calcium influx in the toxicity process elicited by the toxin had
not been examined previously, and our results clearly indicate
that calcium entry via VSCC is not a critical event determining
neurotoxicity by YTX. Indeed, block of VSCC by nifedipine or
verapamil completely abolished YTX-induced calcium in-
crease but did not prevent YTX toxicity (Fig. 5). The
similarities in the chemical structures of YTX and other
polyether marine compounds such as brevetoxins, known to
bind to specific sites in voltage-sensitive sodium channels (Poli
et al., 1986) may suggest a direct interaction of YTX with
calcium channels and/or sodium channels. However, the long
time of exposure required for YTX to increase neuronal
cytosolic calcium levels (!1 h), the modest increase in cal-
cium elicited by YTX compared to the L-type VSCC agonist
BayK8644 (see Fig. 5), and the lack of protection observed
in the presence of VSCC or VSSC antagonists, argue against
that possibility. Consistently, YTX failed to inhibit brevetoxin
binding to VSSC in rat synaptosomes (Inoue et al., 2003). The
observed increase in cytosolic calcium could result from mem-
brane depolarization due to the action of YTX on other targets.
We check for a possible excitotoxic component in the
neurotoxic effects of YTX. Activation of VSCC or VSSC
might result in cerebellar granule cell excitotoxicity due to
overstimulation of NMDA receptors by released endogenous
glutamate (Dı´az-Trelles et al., 1999, 2002). However, the lack
of protection by the NMDA receptor antagonist MK-801in-
dicates that the amount of glutamate eventually released
following calcium entering via VSCC in YTX-treated neurons
had no significant contribution to the neurotoxic effects of
YTX. The observation that YTX did not affect neuronal
sensitivity to excitotoxins (Table 1) also argues against
a possible role of YTX in the modulation of glutamate-
mediated neurotransmission and excitotoxicity.
Neurotoxicity by YTX was accompanied by the laddering-
like fragmentation of DNA, a hallmark of apoptosis. Assess-
ment of chromatin condensation by staining of nuclei with the
Hoechst 33258 dye further confirmed the apoptotic nature of
the neurotoxic actions of YTX. Our results indicate that DNA
fragmentation constitutes an early event in the death process, as
it was clearly observed after 16 h while a significant reduction
in neuronal viability required at least 24 h, and that apoptosis
induced by YTX is a genetically controlled process that
depends upon the synthesis of new proteins. It is worth noting
that DSP-type toxins OKA and DTX-2 have been previously
found to cause degeneration of cerebellar granule neurons
through an apoptotic mechanism featuring similar character-
istics (Ferna´ndez-Sa´nchez et al., 1996; Pe´rez-Go´mez et al.,
2004). Both OKA and DTX-2 share the capacity to bind and
inhibit Ser/Thr protein phosphatase (PP) 1 and 2A leading to
protein hyperphosphorylation. It is tempting to speculate that
YTX-induced apoptosis resulted from alterations in the
phosphorylation degree of specific proteins due to changes in
the activity of protein phosphatases other than PP1 and PP2A.
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Experiments are in progress to determine the possible role for
phosphatase activities as well as phosphorylation of specific
substrates in the neuronal apoptosis induced by YTX.
The human toxicological risk associated to the consumption
of YTX remains unclear. There are conflicting data on YTX
toxicity in mice. A wide range of YTX doses have been
reported to provoke acute animal death when injected in-
traperitoneally while, unlike DSP toxins, YTX and analogues
are not lethal after acute or short-term oral administration
(Aune et al., 2002; Ogino et al., 1997; Terao et al., 1990;
Tubaro et al., 2003). The longer times required by YTX
compared to DSP-type toxins to cause cell death may have
contributed significantly to the existing discrepancies about the
toxic effects of YTX in mice. In our experiments, relatively
short exposures to YTX, causing undetectable or very slight
signs of toxicity, did indeed result in the long term in severe
damage of neuronal morphology and viability, even though the
toxin was no longer present in the medium (Fig. 4). It can be
speculated that an early damage by YTX of specific cell
components particularly important for neuronal survival and
functioning, may eventually determine neuronal death. Ac-
cording to our results, the neuronal cytoskeleton appears to be
a cell component particularly sensitive to YTX. The toxin
affected the strength and integrity of neurites long before any
reduction in the number of viable neurons could be detected
(Fig. 2), and a significant decrease in the F-actin fluorescence
was observed in YTX-treated neurons (Fig. 3). Consistently,
previous work by other authors reported modifications in the
cytoskeletal components of Purkinje neurons following acute
treatment of mice with YTX (Franchini et al., 2004). The
neurotoxic effects we report rise reasonable concern about
possible risks for human health associated to the chronic
exposure to low amounts of YTX or analogues that should be
taken into consideration.
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Abstract  
During the summer of 2003, a red tide caused by Lingulodinium polyedrum was 
detected in the Ria de Ares-Betanzos (NW, Spain) in the oceanographic stations that 
are monitored weekly. The area, which is dedicated to the intensive culture of 
mussels  (Mytilus  galloprovincialis  Lmk)  in  rafts,  had  already  been  closed  by 
lipophilic toxins as a result of a previous outbreak of Dinophysis acuminata. LC-MS 
analyses of mussel samples revealed the presence of yessotoxins (YTX) and okadaic 
acid (OA). YTX and OA were quantified on mussels by HPLC-FD ranging between 0.9- 
1.3 and 1.1-2.9 µgg-1 of digestive gland, respectively. YTX and Homo-YTX were also 
detected  in  net  haul  samples  by  LC-MS  but  they  were  below  the  HPLC-FD 
quantifiable limits. This is the first reported detection of YTX's in shellfish in the 
Iberian Peninsula. 
 
Introduction 
The accumulation of marine phycotoxins by bivalve molluscs poses a health risk and 
creates serious disruptions for the aquaculture industry. Yessotoxins (YTX's) are a 
group of marine toxins known about since the first diarrheic shellfish toxin (DST) 
studies were performed (Murata et aI., 1987), but whose actual toxic effect in 
humans is still unclear (Tubaro et aI.,  2004). These disulphated polyether toxins 
have been traditionally included in the DST group, although the YTX chemical 
structure is different from that of okadaic acid (OA) and its group of derivatives and 
produces neither a diarrhoetic  effect nor the same toxicological profile (Terao et 
aI., 1990; Ogino et aI., 1997). With this consideration, European Authorities have 
recently established YTX  closure limits that are different to those for DST (EC, 
2002). The first species confirmed to be the biogenetic origin of YTX was 
Protoceratium reticulatum (Satake et aI., 1997) and recently the suspicion that 
Lingulodinium polyedrum can also produce YTX has been confirmed (Paz et aI., 
2004).  Nowadays, reported detection of YTX in bivalve molluscs arise in an 
extremely wide geographical range, Japan (Murata et aI., 1987), Norway (Lee et aI., 
1988), The Adriatic Sea (Ciminiello et aI., 1997), New Zealand and Chile (Yasumoto 
and Takizawa, 1997), but taking into account the fact that known YTX-producer 
species are fairly common, it is likely that YTX may actually be a far more 
widespread phenomenon than has been reported to date. 
 
The  Galician  Rías  (NW,  Spain)  are  an  area  of  intensive  mussel  aquaculture 
recurrently  affected  by  DST episodes.  In  the  summer  of 2003  a L. polyedrum red 
tide was observed in the Ría de Ares-Betanzos.  At  that time harvest of the mussel 
rafts in this Ría had already been closed by DST of a previous outbreak of Dinophysis 
acuminata. Because of the suspicion of YTX production by L. polyedrum, several 
mussel samples were collected and analysed for YTX using HPLC-FD and LC-MS. The 
aim of this study was to determine both the profile and content of toxins and its 
association with this species. 
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Materials and methods 
Water and mussel sampling and phytoplankton count 
The water column was sampled weekly at three stations using a 15  m hose (Figure 
1). An aliquot of this sample was immediately preserved with Lugol's solution, and 
the phytoplankton cells were counted under an inverted microscope, using the 
Uthermöhl procedure. At two sampling points (Stations L2 and L3) a concentrated 
sample was collected by means of a plankton net haul (10 µm mesh size) from a 
depth of 15 m to the surface. This concentrated sampled was split into two aliquots. 
The first was preserved with Lugol's solution and used to quantify the phytoplankton 
population.  The  second  aliquot  was  filtered  through  Whatman  GF/C  glass  fibre 
filters and frozen until the extraction of the toxins was performed. Samples of 
mussels were collected in culture areas Sada A and sada B (Figure 1). 
 
Toxicity and Toxins analysis in mussels and seawater 
Mouse bioassays for DST were carried out according to the Yasumoto 84 method 
(1984), starting with 20 g of digestive gland (dg). For PSP the AOAC Method 1999 
was used. 
 
For HPLC toxins analyses in mussel samples, an extraction process based on the 
method of Goto et al. (2001) was applied, 1g of dg was extracted in 9 mL of MeOH, 
homogenised and centrifuged at 2500 rpm for 10 minutes. For both YTX and OA 
analyses, 3 mL of supernatant were dried under a N2 stream, re-suspended in 3 mL of 
Methanol:ammonium acetate 0.02 M pH 5.8 (3:7), and loaded onto a Sep-Pak C18 
cartridge, the extract was washed with 10 mL of MeOH:H2O(3:7) and toxins were 
eluted with 10 mLof PrOH:H2O (20:80). A 5 mL aliquot from this eluate was dried 
under an N2 stream and derivatised for YTX analysis by HPLC-FD, the other 5 mL 
aliquot was dried and re-dissolved in 0.5 mL of MeOH for YTX and OA analysis using 
LC-MS. 
 
Extraction of toxins from net haul samples and analysis of YTX by HPLC-FD was 
performed as per a previous report (Paz et aI., 2004). Analysis of OA by HPLC-FD in 
mussels samples was based on the procedure of Lee et al. 1987. 
 
For  LC-MS  analysis of both YTX and OA, the separation column was an XTerra C8 MS 
5 µm (150 x 2.1mm). A mobile phase of 2 mM ammonium acetate (pH 5.8) and MeOH 
(3:7) was used. The flow rate was 0.20 mLmin-1. Mass spectrometric measurements 
were performed using an ion trap mass spectrometer, Thermo Finnigan LCQ- 
Advantage,  equipped  with  an  electrospray  ionisation  (ESI)  negative interface. ESI 
was performed by a 4.5 kV spray voltage and 200 °C capillary temperature. A flow 
rate of  60 mLmin-1 was used for the sheath gas and 20 mLmin-1 for the auxiliary 
gas. Data was acquired in full scan mode from m/z 500 to 1500, YTX was detected in 
negative mode for the ion [M-2Na+H]- at m/z 1141 (Draisci et al. 1999, Ciminiello et 
al. 2002; 2003) and OA was detected in positive mode for the ion [M+NH4]
- at  m/z 
822 and for ion [M+Na]+ at m/z 828 (Draisci et al. 1998, Suzuki and Yasumoto 2000). 
HPLC-FD and LC-MS systems were calibrated with certified solutions of OA (OACS-1) 
provided by NRC (Canada) and YTX solutions provided by Prof. M. Satake (Japan). 
 
Results 
Seasonal evolution of harmful phytoplankton 
Dinophysis  acuminate  was  detected  in  the  area,  almost  throughout  the  year, 
showing two main periods of higher development: One during the month of April and 
the other from mid July to early September (Figure 2). Lingulodinium. Polyedrum 
was detected only between the 31st of July and early September, with a maximum 
concentration of 2.1106 cells.L-1 on the 25th August (Figure 2). From 7th August to 1st 
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September the L. polyedrum bloom was almost monospecific: this species 
representing up to 99 % of the total number of dinoflagellate cells and 77 % of the 
total  phytoplankton  community  cells. Protoceratium  reticulatum was not detected 
in the area during this year. 
 
Toxins in mussels and net haul samples 
The mouse bioassay for DST showed neurological symptoms on mice that do not 
correlate  with  the  presence  of OA  and/or its  derivatives nor  PSP  toxins.  No PSP 
toxins were detected. 
 
LC-MS analyses of mussel samples from Sada-A and Sada-B revealed the presence of 
YTXand CA. The associated mass spectrum displayed a signal at m/z 1141 resulting 
from the ion [M-2Na+H]- from YTX (Figure 3). OA was also detected in the mass 
spectrum for both associated ions: [M+NH4]
+ at m/z 822 and [M+Na]+ at m/z 828 
(Figure 3). YTX and OA were quantified by HPLC-FD and ranged between 0.89-1.30 
and 1.1-2.9 µg.g-1 of dg, respectively (Table 1). 
 
LC-MS analyses of net haul samples, rich in L. polyedrum, revealed the presence of 
YTX. The mass spectrum displayed a signal at m/z 1141 owing to the [M-2Na+H]- ion 
in YTX. A high signal was also noted at m/z 1155, which could be assigned to the 
homoYTX, which is 14 mass units larger than YTX. In the SIM at m/z 1141 and m/z 
1155, a peak appeared at 23.1 minutes, as a result of the co-elution of YTX and 
homoYTX  (Figure 4).  L. polyedrum  concentrations  in  the  filtrates  were  between 
5106 and 2.5108 cellsL-1 but for all those samples YTXs concentrations were below 
the quantifiable limits for the HPLC-FD. 
 
Table 1. Toxicity data  (mouse bioassay) and OA and YTX concentrations (HPLC-FD) 
of culture mussels from the Ría de Ares-Betanzos. 
Sampling 
station 
Date OA      
(µgg-1 dg) 
YTX   
(µgg-1 dg) 
DTX 
Bioassay 
PSP AOAC 
Bioassay 
Sada-A (L1) July 30th 2003 1.1 1.12 Positive Negative 
Sada-B (L2) July 30th 2003 2.1 0.89 Positive Negative 
Sada-A (L1) August 5th 2003 2.9 1.28 Positive Negative 
Sada-B (L2) August 5th 2003 Not 1.30 Positive Negative 
Figure 1.  Geographical  location  of  the  Ría  de Ares-Betanzos on the Galician coast 
(NW, Spain) and sampling stations chosen in this Ria for the study. The grey 
geometric figures are groups of rafts. 
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Figure 2. Seasonal evolution of L. polyedrum and D. acuminata cell concentrations 
in the oceanographic stations of Ria de Ares-Betanzos. 
 
Figure 3. LC-MS spectra, in positive ion mode for OA and negative ion mode for 
YTXs, of a mussel sample collected from Sada-B on August 5th 2003. 
 
 
Figure 4. LC-MS chromatograms from a net haul sample rich in L. polyedrum 
collected in L2 station (1st September 2003). Extracted ion chromatograms from YTX 
(m/z 1140.0-1142.0) and homoYTX (m/z 1154.0-1156.0). 
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Discussion 
This is the first reported detection of YTX's in shellfish in the Iberian Peninsula. The 
higher levels of OA over YTX detected in this study, were the result of a longer 
accumulation process, since D. acuminata reached measurable concentrations in 
April and maintained significant levels from mid-July onwards, while the first cells of 
L. polyedrum were detected from 31st July onwards.  
 
The bloom concentrations of L. polyedrum and the absence of P. reticulatum, a 
species confirmed as a YTX producer (Satake et aI., 1997), would seem to indicate 
that the YTX producer was, in this case, L. polyedrum. Paz et al. (2004) have 
recently confirmed the presence of YTX in cultures of L. polyedrum obtained from 
the same geographic area (Ría de Ares-Betanzos). In the present study, it was not 
possible to estimate the toxin content per L. polyedrum cell, although the 
concentration of cells for analyses was one order of  magnitude  higher than that 
used by Tubaro et al. (1998)in order to obtain an estimation ranging from 1.5 to 1.1 
pgcell-1. Probably these types of differences are a result of the variability of toxin 
content  per  cell,  in  fact,  Paz et al. (2004) have observed that the toxin content of  
L. polyedrum cultures is 10 times lower than that of P. reticulatum. However, an 
important factor in this case could be the amount of toxin released to the medium 
(Paz et aI., 2004). 
 
The detection of a L. polyedrum bloom leads us to suspect the presence of YTX's 
allowing us to focus on the analytical search for toxins. These results underline the 
potentially of a systematic monitoring not only of known HAB species but also the 
phytoplankton community as a whole. An operative coupling between both 
phytoplankton and biotoxins monitoring allows us to study the biogenetic origin of 
the toxins. Moreover the detailed study of the historical data base series of 
phytoplankton  and  environmental  variables  will  allow  us  to forecast the intensity 
and extension of any harmful phenomenon in the area. 
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